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ABSTRACT
A new and m ore convenient technique using la se rs  has been developed to 
m easure sm all vibrations of an object under observation.
A m athematical analysis of the system  is presented, which shows that it  is 
possible to recover the information not only on the velocity or the position 
of the object, but also on its  sense of direction.
The instrum ent consists of a sophisticated Michelson in terferom eter, where 
the reference m irro r is vibrated sinusoidally. The photodetector output 
signal contains components of the multiples of the m irro r drive frequency 
/modulated by the target vibration. A theoretical analysis shows that complete 
I  target information is available from  this signal after suitable processing.
I Within certain  lim its, fluctuation of the intensity of the returned light does 
not affect this m easurem ent and, therefore, the surface quality of the target 
is  of secondary im portance.
The distance of the target from  the la se r, the perm issible bandwidth of 
operation, and the accuracy of the instrum ent a re  discussed. Some 
consideration is  given to various industrial applications of the technique, 
and it is  compared to other methods where possible.
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SYMBOLS.
X : operating wavelength of the la se r .
0  : a rb itra ry  phase shift.
: fringe visibility.
1 : maximum light intensity falling on the light detector,max.
I . : minimum light intensity falling on the light detector,mm.
c : velocity of light.
L : la se r  tube length.
I (r) : intensity distribution.
r  : radial param eter within the wavefront m easuring distance from
the axis of propagation.
w : spot size. >
6  : included angle between points of 1 / e  amplitude in the focussed
beam.
f : cavity centre frequency.
T : single pass loss.
Q : magnification factor.
w (z) : sta tistical Gaussian distribution.
z : variable.
z : centre of Gaussian curve,o
: distance between two points under consideration.
T : correlation distance.
0  : half-angle subtended by the main lobe,
f : reference m irro r oscillating frequency.
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x : distance of the ta rge t from  a reference position as defined
in Fig. 65.
P : propagation constant.
J ^ ( m )  : Bessel function, where n is an integer.
C : constant of proportionality.
m : modulation index, dependent on the amplitude of the
reference m irro r  vibration.
b : reference m irro r  amplitude displacement (pm).
: alternating current in channel 1 .
: alternating curren t in channel 2 .
i^ : converted alternating curren t in channel 2 .
i : total alternating curren t after the two signals have been added,
*?e: — , responsivity of the photodiode.
P : signal power coming back from  the target,
s
Pq : local oscillator (LO) power.
P : total background noise power reaching the photodiode.
15
P^ : total unwanted noise power from  the LO in the form  of
noise sidebands and spontaneous em ission.
e  : electronic charge.
I : photodiode dark curren t.
B : bandwidth of the am plifier.
F : noise factor of the am plifier.
k : Boltzman's constant.
Tq : room tem perature.
G : cu rren t gain of photodiode.
R : load resistance  of the photodiode.
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the mean noise powers p er unit bandwidth, due respectively
to background radiation and LO noise in bands of width B
centered at f + f 'an d f ~ f ,.o if o if
IF frequency.
LO frequency.
quantum efficiency of-the photodiode.
Planck’s constant.
signal frequency.
CHAPTER 1
INTRODUCTION
The m easurem ent of mechanical vibrations has become an established 
engineering practice in the testing of components for fatigue or failure 
in an attem pt to ensure reliability  under hazardous conditions, such as 
those encountered by operational a irc ra ft, or by electricity  generation 
equipment in nuclear power stations.
A knowledge of surface vibration has proved valuable in many spheres 
of in terest, in both pure and applied research , over the wide frequency 
ranges which extend from  less  than 1 Hz to above 10 GHz, although 
industrial m easurem ents a re  usually re stric ted  to the audio frequency 
range of about 10 Hz - 10 KHz (Ref. 1 .).
Vibration analyses a re  often carried  out by attaching a transducer to the 
vibrating component under te st. The transducer converts the mechanical 
vibrations to an electrical signal, which can subsequently be analysed by 
suitable electronic apparatus. A m ajor disadvantage of this method is 
that a transducer must be in d irect contact with'the vibrating surface, 
thus changing the vibration charac teris tics, and clearly  a m ore s a tis ­
factory approach to vibration m easurem ent problem s is by means of non- 
contact methods.
At relatively large amplitudes and low frequencies, information can be 
obtained by using a stroboscope lamp, but alternative non-contact methods 
have appeared in recent years based on la se r  light sources and in te rfe ro - 
m etric techniques. In principle, these methods are  capable of a m easurem ent 
perform ance superior to the stroboscope or any other of the conventional 
techniques when looking at low vibrational amplitudes (orders of wavelengths) 
and high vibrational frequencies (KHz).
- 10 -
The basic system  is a simple Michelson in terferom eter (Fig. 1.) 
with a la se r radiation source and the ta rg e t as one of the reflec to rs.
Such an in terferom eter is  inherently capable of m easuring both velocity 
and position of the moving (or vibrating) target. In its  sim plest form s, 
however, it suffers th ree distinct lim itations:
1. There is  ambiguity in the "sign" of the velocity, e .g . ,  
given a constant speed of target, it is  not possible to 
tell whether it is  coming or going.
2. It is  not possible to m easure movements of le ss  than X/2  
(where X is  the operating wavelength).
3. Usually specular targe ts  a re  required, i . e . ,  ta rgets with 
polished, m irro r-lik e , surfaces.
The aim  of this work has been to develop a sophisticated system  which would 
exploit the advantages of in terferom etry  and, in addition, would overcome 
the lim itations of the sim plest type, the most im portant being the "sign" of 
directional movement. This was achieved.
To determ ine the sense of direction, it is possible to set up a complex 
in terferom eter system  with two detectors whose outputs a re  arranged to 
be in phase quadrature. This means that if 0 is  a phase shift (experienced 
by the signal beam directed out to the target and returned), then the detector 
outputs a re  proportional to cos 0 and sin 0 respectively. By m easuring both 
of these, 0  is determined to within multiples of 2 tt, ra th e r than tr when only 
one is measured (which is  responsible for the sign ambiguity).
The practical instrum ent obtains cos 0 and sin 0 information, but does it  by 
a process of modulation of the in terferom eter reference beam. Only one 
detector is  used, but because of this modulation, both quadrature signals 
a re  inherent in the one photodetector output (see Chapter IV).
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At the outset of the work, it was discovered that a suitable basic in te r­
ferom eter, the Decca Laser Doppler Velocimeter, had already been built 
by Decca Radar Limited. Collaboration with the Company was established, 
and the optical components of the Velocimeter were used.
The resulting instrum ent is  suitable for m easuring small vibrations in the 
audio frequency range of 10 Hz - 15 KHz. The range of amplitudes of 
vibration which can be m easured by the system  varies with frequency. For 
example, at a frequency of 11 KHz an amplitude of as sm all as 10“^  cm . 
has been observed for a 1 : 1 signal to noise ra tio . Sensitivity falls off as 
frequency decreases.
The instrum ent has found immediate application to a number of problem s, 
such as:
1. Measuring vibration levels of high buildings, such as chimneys 
and cooling tow ers.
2C Isolation of components causing unwanted mechanical 
resonances in a microwave harmonic generator.
Some resu lts  of these applications a re  discussed in Chapter VII.
A full analysis of the system  appears in Chapters IV and V, and the instrum ent 
perform ance is  tabulated in Chapter VI. A discussion of la se r in terferom etry  
is  given in Chapters II and III.
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CHAPTER II.
1. REVIEW OF BASIC THEORY.
Hie Micheison in terferom eter is the basic configuration of m ost la se r  
position and velocity m easuring instrum ents. For completeness, 
therefore, it is  worth reviewing it in some detail, although its  principle 
is well known.
1.1. Micheison In terferom eter;
The Micheison in terferom eter (2 .3 .) increased greatly  the precision with 
which in terferom etric experiments a re  carried  out. The simple Micheison 
interferom eter is shown diagram atically in Fig. 2 ., and its  function is 
discussed below.
The light source is split into two light beams by a sem i-reflecting g lass plate G. 
These beams a re  reflected back from  the two m irro rs  Mj and M2 , which a re  
perpendicular to each other. M^ is the m irro r image of m irro r M2  in the 
silvered surface of glass plate G. An in terference pattern is obtained at 
the receiver R, which can be altered by changing the position of one of the 
m irro rs , while the contrast depends on the line width of the light source fo r ^
any given position.
By suitable adjustment of the m irro rs , c ircu lar fringes a re  obtained. With 
•normal monochromatic light, fringes a re  visible for only a lim ited path 
difference "2D" between the two beams, and the lim it is set by the line 
width of the source.
The simple condition for the light rays to be in phase is that half the path 
length difference
D = mX/2 ........... .. 1 .)
where m. is an integer.
t $ • * t • t I * 11 $ % n • * 11 A , »11 t , • , ft 
J^iL/U U U It Cf O / d /  ULiJL^LU
COMPENSATING 
GL ASSPLATE rjT MG l a s s  G?EXTENDED SOURCE
SILVERED
SURFACE
TELESCOPE LENS
TO  TH E  RECEIVER R
FIG.2 M1CHELSON INTERFEROMETER
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11 tins condition nolds, men all rays ot lignt reliected norm ally trom  me 
m irro r  will be in phase, and a bright fringe will be obtained. However,
because the light source is an extended source, the light reflected from
the m irro r and the m irro r  subtends a wide range of angles 0 .
Consequently, a set of maxima is obtained, being governed by the condition
D cos 9 = m V 2    2 .)
for, if this is  satisfied, the two rays of light at that angle will reinforce
each other to give a maximum.
If there is even a small range of wavelengths present in the light from  the 
source, the fringes formed by the different components will be differently 
spaced, and will mask all interference at sufficiently large values of "D". 
For monochromatic light, such as red cadmium light, a distance difference 
of 25 cm. between the two m irro rs  can be tolerated before the fringes 
become indistinct. This is  about the g reatest distance that can be obtained 
with normal light sources.
The path difference "D" can be considerably extended if a source of light 
with a narrow  line width is  chosen. This particu lar condition is  m et with 
a la se r  source and there is  alm ost no lim it to the path length difference, 
if the la se r  is carefully selected and if the medium does not im pair the 
light propagation.
1 .2 . Fringe Visibility.
Because the la se r  light is not an 'extended' source, but a plane para lle l 
source, only the single central fringe is  obtained instead of the usual set 
of c ircu lar fringes. The field is either bright or dark, depending on the 
relative position of the m irro r to the m irro r  and, therefore , a 
variation of intensity occurs when the m irro r  is  moved. This 
variation is used to define the fringe 'v isib ility ' of the illuminated field 
for the la se r source. The visibility *15' was defined by Micheison (4) to be:
_ I max. - I min. ^
I max. + I min.
where I max. and I min. a re  the respective maximum and minimum light 
intensities falling on the light detector. By increasing the path length
- 16 -
information about the sharpness of the spectral line of the light used as 
the source. The la rg e r the path length difference over which the fringes 
rem ain clear, the narrow er is  the line width of the light source.
1 .3 . Angular Misalignment.
The m irro r M^ must be at right angles to the m irro r M^ if the c ircu la r 
fringes a re  to be observed with the norm al monochromatic light. When 
M^ is  misaligned, the fringes instead of being c ircu lar tend to be straight 
lines. With increasing angular misalignment, the visibility of the fringes 
decreases. If a la se r  is used instead of an extended source, the tolerance 
on angular misalignment is  even m ore critica l, because the light from  the 
m irro r  M^ is  not reflected back to the splitting half-silvered g lass plate G, 
which means that no interference takes place at all.
1*4. Practical T argets.
In engineering applications the object under investigation is generally  not a 
specular reflec to r. Therefore, consider next an a rb itra ry  target in place 
of the specular target M^. Interference is still possible, however, certain  
lim itations a re  imposed. F irs tly , the la se r  light should be focussed on the 
target to a very sm all spot, and the extent of the movement should be 
comparable to the depth of focus. However, even when the source of the 
light is not exactly focussed on the a rb itra ry  target, a degraded in terference 
pattern p e rs is ts . This is  due to the fact that the la se r  light falling on the 
target illuminates a multitude of randomly situated scattering  cen tres .
Each centre radiates and sca tte rs  back some of the light into the beam 
sp litter and in terferes with the reference beam. The problem  of sca tte r 
is  discussed in some detail la ter in Chapter II.
As the la se r plays an im portant p art in interferom etric  system s, it  would 
be valuable to explain some of its properties, and this explanation follows 
in the next section.
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2. LASERS.
A consideration of the requirem ents of the in terferom etric  problem  
indicates the order of magnitude of the line width required from  the 
source. •
When a red cadmium light is  used, the fringes rem ain visible up to 
path differences of 50 cm ., the separation between the m irro rs  being 
25 cm . This is a great improvement over ordinary white light, the 
visibility of fringes of which falls rapidly to zero when the path 
difference becomes g rea te r than about a thousand wavelengths (ref. 2 .) .
With the development of la se r sources, in terference has been made 
possible over distances up to hundreds of kilom etres (ref. 5 .). Under 
ideal atm ospheric conditions, the upper lim it of the range depends mainly 
upon the kind of la se r  used for the m easurem ents.
For the neutral gas He-Ne la se r  with total power output of 1 m W ,'the 
coherence length is  in the region of 6  km. (ref. 6 .) .  This has been 
calculated from  the knowledge of the line width of the la se r light which 
is  typically 24.5 kHz and, hence, its  coherence tim e is in the region of 
40 |jsec. On the other hand, the line width of the monochromatic red 
cadmium light is of the order of 600 MHz, which is  much wider than that 
of the la se r.
2 .1 . Laser Modes.
The cavity walls of a gas la se r a re  formed by two m irro rs , one a t each 
end of a tube containing the gas. The shape of the m irro rs  and the length 
of the tube play an im portant role in the operation of the la se r, especially 
in the choise of spatial and longitudinal modes. Detailed discussions on 
mode selection can be found in ref. 7, 8 , 9, 10, 11.
- 18 -
For most la se rs  the lowest order spatial mode (TE M ^^) is  determined 
(ref. 1 2 .)  by the rad ii of the m irro rs  and by the sm allest lim iting aperture 
in the cavity. It is  known that gas la se rs  of low or m oderate power will 
operate in the lowest order mode if the diam eter of the lim iting apertu re  
is chosen between 3.5 and 4 w, where w is the spot size. Diffraction 
losses in the lowest mode a re  negligible compared to the losses due to 
the im perfect reflectance of the m irro r  and the Brewster angle windows.
The radii of the m irro rs  a re  also im portant when the power loss per tran s it 
for various modes a re  investigated. It has been shown (ref. 6 .)  that the 
power losses per tran sit a re  very much lower for a confocal system  than 
for plane reflec to rs in the lowest order mode, but it is equally tru e  for 
higher modes.
For a la se r operating in a single spatial mode, a number of longitudinal 
modes a re  possible. The separation between perm issib le frequencies is  
given by c/2L , where L is  the tube length and c the velocity of light. It 
is  generally desirable to make this frequency separation slightly g rea te r 
than the full width of the Doppler broadened line.
2 .2 . Line Width.
The Doppler width is  approximately inversely proportional to the gain 
per tran sit for a given total population, and it is assum ed to be known 
in term s of m easured or calculated plasm a tem peratures. For a given 
He-Ne gas la se r  in the 6328 R  transition, the Doppler width has the value 
1500 MHz (full width at half power points), which determ ines the p ractica l 
length of a single frequency la se r. For a mode separation of 1 GHz, the 
required la se r  length is 15 cm. This is  the maximum length perm issib le  
in the He-Ne la se r  for single frequency operation (Fig. 3 .) . Generally, 
single frequency operation is c ritica l to maintain, as it is  difficult to keep 
the tube length stable. It can be rem edied by adding a stabilising circu it, 
but this inflates the la se r  cost.
- 19 -
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When an equipment incorporating a la se r is  designed for industrial 
applications, cost effectiveness is part of the development p rocess .
If single mode operation is  vital, then the additional cost of a stabilising 
c ircu it may be justified . However, if a multi-mode la se r  can be 
adopted manufacturing costs a re  kept down, but a compromise 
may have to be reached. As in the present application, the position of the 
target relative to the la se r is lim ited, as will be shown in Chapter IV. A 
la se r  that is  now frequently used is  the 30 cm. long He-Ne gas la se r, which 
has a frequency separation of 500 MHz. Three longitudinal modes a re  
perm issib le in the Doppler width. At different intervals of tim e various 
conditions can be obtained. Fig. 4a,and 4b show two such instants in tim e.
2 .3 . Laser Power.
/ Generally speaking, (ref. 12.) the neutral atom gas la se rs  a re  low power
/ la se rs  (lpW - several mW). The power of the multi-mode 30 cm . long
/ He-Ne la se r  is  about lmW, and has been successfully used in the in te r-
ferom etric technique for m easuring velocities of m ost a rb itra ry  ta rge ts  
a t ranges of several feet away from  the la se r , If the la se r  is used in the 
single frequency mode instead of multi-mode operation, the output power 
is  generally reduced considerably - by between 30 - 70%. A method is 
available to produce single mode output with relatively high power from  
a multi-mode cavity at the expense of extra complexity. This is to use 
intracavity modulation of frequency equal to the frequency separation 
between the modes of the la se r. The output la se r  beam can be compared 
‘ to an FM c a r r ie r  frequency, and by demodulating the frequency, single 
frequency operation is  obtained. This la se r mode is sometim es known 
as the super mode (ref. 13.)
- 21 -
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3. COHERENCE.
The subject of coherence has been treated  extensively in the lite ra tu re , 
in particu lar it is well covered in ref. 6 , 14, 15. It is  often analysed in 
two separate form s, namely as spatial and tem poral coherence. Both of 
these are  incorporated in the la se r  and a re  briefly discussed in the following.
3 .1 . The Coherence of L asers.
At the output of the la se r, plane and spherical wavefronts a re  obtained, 
depending on the type of reflecto rs used. The intensity distribution of the 
beam across  the tube aperture is represented by the Gaussian distribution:
0 2 . 2_ , N - 2 r  /w  . .I ( r )  = e . . . . ........  1 . )
where r  is  the radial param eter within the wavefront m easuring distance from  
the axis of propagation and w is  the spot size . This distribution is  obtained 
only if the Q of the cavity resonator is high (ref. 12.), and the losses a re  
mainly due to diffraction lo sses. Hence, by controlling the diffraction losses, 
the Gaussian distribution can be maintained. Gas la se rs  a re  unique in their 
ability to produce this type of wavefront consistently, because of the ir homo­
geneous isotropic medium of small refractive index. To ensure spatial 
coherence, the following th ree conditions must be fulfilled, which a re  only 
satisfied by the Gaussian distribution (ref. 12.). F irs t the near and fa r 
field distributions m ust be identical (ref. 16.), secondly there m ust ,be no 
phase rev ersa l in the wave amplitude across the wavefront (ref. 16.) and, 
thirdly, the beam can be either originated from , or focussed to, a spot of 
approximate diam eter X/b,  where 6  is the included angle between points 
of 1/e amplitude in the focussed beam. Almost perfect spatial coherence 
can be obtained by co rrec t choice of the physical dimensions of the gas 
la se r  cavity and its reflec to rs.
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On the other hand, tem poral coherence depends mainly oh the structu re  
of the gas used for the lasing action, and on the Q of the optical cavity.
In reference 17, the value of Q for a passive cavity is given approximately 
by the expression
Q = 2ufQL /cT
where L is  the tube length, f the cavity centre frequency, and T the
single pass loss. For the gas la se r, the loss per pass (ref. 12.) is
9
generally about 0.5%. The value of Q is  in the region of 10 , giving a 
bandwidth of 900 KHz. The actual value of the line width of the He-Ne 
la se r is given in ref. 6 . as 24 KHz. The difference lies in that the 
resonator cavity contains an amplifying medium, and the operational 
bandwidth shrinks to about 1/30 the value for the passive resonator.
The line width is  in fact non-zero, because the am plifier is not ideal, 
phase jitte r  being introduced by the random motion of the atom s.
For the He-Ne gas la se r  used in the experim ents carried  out in this thesis , 
the coherence tim e was calculated to be in the region of 40 psec. This 
enables the target to be placed at a considerable distance (up to 6  k m . ) 
away from  the la se r  under favourable conditions of propagation before 
tem poral coherence is gradually destroyed.
3 .2 . Target Roughness.
The targets most commonly encountered in practice can be divided into 
two categories: periodic and random rough surfaces. Scatter from  such 
surfaces has been studied in great detail for electro-m agnetic waves, 
re f. 18.
Periodically rough surfaces- (Fig. 5 .)  were f irs t  treated by Rayleigh (ref. 19.) 
for normal incidence. Soon his method was extended to oblique incidence 
by the number of w orkers, such as Rice (20.), Deryugin (21, 22.), Myakishev 
(23.) and others. Another approach for period surfaces was developed by 
Brekhovskikh (24, 25, 26, 27.), Lysanov (28.), Beckmann (29.) and others 
from  the general Kirchhoff method for random surfaces.
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Other treatm ents exist for specific periodic profiles. The mathematical 
analysis for all these methods a re  clearly  expounded in re f. 18.
The extended Rayleigh method gives m ore accurate resu lts , when the 
total field at a given point is  required to be found. Kirchhoff's method 
is better when the field for the individual wave modes propagated in a 
given direction has to be determ ined.
In practice, random rough surfaces a re  m ost im portant. Usually, proba­
bility theories have to be applied to analyse such surfaces. Some lim itations 
a re  made, however, because the subject of random rough surfaces is 
extensive. Only a norm ally distributed surface is considered. This 
distribution can be w ritten in the sta tistical form  as
/ x2  , „ c 2  , % 1 -(z -z  ) / 2 bw (z) = e o
where z is  a variable assum ing random values about the centre, positioned
at z , and 6  is the standard deviation of the distribution. The surface o
roughness can be described by 6 . However, this does not give any 
information about the distance between the h ills and the valleys of the 
surface. This information is expressed in te rm s of an autocorrelation 
coefficient C- ty )  where is the distance between two points under considera­
tion, C (V) is  given by
2 2 
C (V) = e" /
and T  is known as the correlation distance.
The average value of the scattered intensity from  a rough surface (Fig. 6 .)  
can be obtained from  the probability functions which are  given in some 
detail by Beckmann in re f. 18. However, of m ost in terest is  the instan­
taneous scatte r pattern which takes the form  of lobes of different magnitudes 
and is represented in Fig. 7 ., which bears some resem blance to Fig. 5.
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3 .3 . Coherent Detection.
The theory of aeria l radiation patterns has been extensively developed 
for the microwave region of the spectrum  and is relevant in the present 
context. It is well known that the aperture of a transm itte r governs the 
polar pattern of the transm itted beam as well as that of the sca tte r from  
the target. The theory relevant to this work may be sum m arised by 
referring  to Fig. 8 .
Consider an aperture A of dimension nA. If it is  radiating with constant 
phase over the aperture, the well known aeria l radiation pattern will be 
set up in space. The main lobe subtends an angle of 20 given by
tan 0  = 1 , or fo r sm all 0
2 n
0 =  J_
2 n
At a distant point, the lobe will illuminate an area  A1 with constant phase. 
Apply the principle of reciprocity . An area  A* radiating with constant phase 
over the aperture will set up a lobe pattern such that the original a rea  A 
just intercepts one lobe. If A1 is  illuminated with a random phase d is tr i­
bution, the lobe pattern at A is  always coarser, but never finer.
In the optical system s under consideration, the same aperture is  used for 
transm itting and receiving,, Consequently only one of the lobes, due to 
target back scatte r, is  intercepted by the rece iver. Coherent detection 
is, therefore, possible (ref. 30.).
Other discussions on this topic can be found in re f. 31, 32, 33, 34.
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4. SUMMARY
The gas la se r  is  the m ost suitable source for use in interferom etry , 
since the tim e coherence allows m easurem ents of targets at distances 
useful in practice. The power outputs are  not as high as from  some 
less  coherent la se rs , but this is not of prim ary im portance, because 
adequate signal return  can be obtained to perm it information re triev a l 
from  most targets with coherent detection.
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CHAPTER III
REVIEWS OF SEVERAL LASER INTERFEROMETER SYSTEMS.
1. Introduction.
Over the past few years, la se r  in terferom eter system s have been used in 
various fields. At p resent they a re  used successfully for m easuring 
length, velocity and acceleration, but m ost of the methods cannot discern 
the direction of target movement. Generally speaking, the methods can 
be divided into three groups where
a) The necessary  information is extracted from  the variation in 
the amplitude of light intensity.
b) The resu lt is  obtained by Doppler rad a r techniques.
c) Holography is used to obtain the knowledge about the behaviour, 
of the target.
In all three groups, s im ilar optical configurations a re  used in order to 
obtain interference patterns, but the method of re trieva l of information 
about the motion of the target differs. In the f irs t  two groups it is  by 
means of electronic circu itry , while the third group re lie s  mainly on 
photographic recordings. This la tte r  group is mentioned only briefly .
2. Basic Interferom eter M easuring Device.
The simple Michelson in terferom eter shown in Chapter 1, Fig. 1 ., was 
used to dem onstrate the principle of the m easuring device. Other methods 
a re  refinem ents of this configuration. The la se r  beam is  split by a half­
silvered glass plate, p art of which is directed to a reference m irro r , while 
the rem aining light proceeds towards the moving target. The light 
returning from  the target is  combined with the beam reflected from  the 
reference m irro r . A photodetector intercepts the combined beam  and
- 30 -
produces an electrical signal. When the target moves, the light intensity 
falling on the photodetector varies between maxima and minima, depending 
on the path differences between the reference beam and the transm itted  
beam. If the number of maxima and minima is counted, the distance the 
target moves can be determined.
Two main disadvantages occur with this simple method. F irs tly , the 
reg is te r  cannot distinguish between the maxima when the target moves 
towards the la se r from  the maxima obtained when the target moves away 
from  the la se r and, secondly, using simple counting techniques, the 
accuracy of the method cannot be g rea te r than one half-wavelength.
These problems form the m ajor part of this thesis, and a re  discussed in 
the following chapters.
3. Improved Interferom eter.
An improved apparatus was developed by Rowley and Wilson (ref. 35 .) which 
can give direction of movement of the target, and is  represented in Fig. 9. 
The reference m irro r  and the target of Fig. 1. a re  replaced by two co m er-  
cube reflec to rs (ref. 36.), although different configurations, such as shown 
in Fig. 10., can be used. The only adjustment required is to ensure that 
the two beams superimpose at the sem i-reflec to r.
To obtain bi-directional counting of in terference fringes, Rowley develops 
two signals in approximate quadrature. Thus, two photodetectors pick up 
light from  different interference p a tte rn s. By comparing the two outputs, 
the information about the movement of the target can be established and 
displayed. There a re  problems due to spot size which a re  discussed in 
re f. 9, 10, 37, as they introduce losses a t the photodetectors due to 
beam divergence. Several other losses a re  caused by deviations of the 
target movement from  the normal and by the occurrence of shear move­
ments, which cause misalignment of the in terferom eter.
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The electronics of the la se r in terferom eter has lim itations, due to the speed 
of the photodetectors, the circu its employed and the S/N ra tio  of the photo­
e lectric  signal (Ref. 38, 39). The speed capability of the counting c ircu itry  
usually places a lim itation on the maximum signal frequency and, hence, 
on the maximum target velocity. The method is  suitable for m easuring 
length and sense of direction, but would need modification to m easure sm all 
vibration. This could be achieved in the following manner.
All the necessary  information about direction and diplacement of the targe t is 
contained in the two signals, which a re  set in quadrature by optical m eans.
By suitable processing, the two signals, as in the block diagram  Fig. 11, a 
single sideband signal could be produced which is frequency modulated. 
Information could be obtained by demodulating this signal. Noise problem s 
would need to be reduced, and this could be done by using balanced m ixers 
as in the system  devised by Botcherby (Ref. 40). In this way the movement 
of practical ra th er than co-operative targets would be possible.
4. Velocity Measuring Apparatus.
Botcherby’s system  (Fig. 12) uses the basic Michelson in terferom eter, 
sim ilar to Rowley’s, but since it was developed to m easure velocities of 
m etal extrusions, such as aluminium, an improved detection c ircu itry  had 
to be devised. This was achieved partly  by introducing a balanced m ixer 
which intercepts the combined beam at the second beam sp litte r P^, thus 
eliminating m ost of the la se r noise, which improves the S/N ra tio  of the 
system  by about 60 dB. A further improvement in detecting poor signals 
was achieved by using a narrow-band frequency servo-locking rece iv er.
The velocity of the target is established by m easuring the Doppler difference 
frequency which is present in the photodetector cu rren t. This cu rren t is  
amplified and processed in a tracking receiver to display the velocity of 
the target on a m eter. However, this instrum ent also has the drawback 
of being unable to discern sense of direction. A modification to make this 
possible is the subject of this thesis and is discussed in the following 
chapters. A m ore detailed discussion is given in Appendix 1.
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5. Measurement of Small Amplitude Vibrations.
Methods to achieve the m easurem ent of very sm all displacements as opposed 
to velocity m easurem ents have been developed by D eferarri and Andrews 
(Ref. 41, 42), and Boersch et al. (Ref. 43, 44) independently.
Fig. 13 shows the D eferarri system . The photodetector output contains 
sidebands corresponding to the various orders of the Bessel function.
However, all the information about the target is inherent in the amplitude 
of the f irs t  sideband which is, therefore, filtered out and processed. A d is ­
advantage is that before displacement of the target can be m easured, the 
system  m ust be calibrated. This is done by adjusting the magnitude of. the 
target vibration for maximum firs t sideband amplitude, and an a rb itra ry  
displacement can then be computed by comparing the sideband amplitudes 
for the two cases.
For general purpose, this is  c learly  im practical as in many cases, especially  
at high frequencies, maximum f irs t  sideband amplitudes would be difficult - if 
not im possible - to obtain.
Fig. 14 and Fig. 15 a re  both system s developed by Boersch et a l. In Fig. 14 
the m easurem ent of sm all displacements is achieved by using two s im ila r 
la se rs , one of which has one of the m irro rs  glued to a p iezo-electric  ceram ic 
disc which can be driven in a number of ways. The frequency difference 
obtained between the two la se rs  due to the p iezo-electric  movement is analysed 
to give amplitude of displacement of this ceram ic. Fig. 15 is  a simplified 
method in that it uses only one la se r  with two modes, and a th ird  m irro r  which 
is  integrated to the ceram ic disc. The length of the ceram ic is carefully  
selected to modulate only one of the la se r  modes. Again a frequency difference 
is  obtained from  which the displacement of the ceram ic can be calculated.
These methods give extrem ely accurate m easurem ents. D isplacem ents of 
- lo  -3 o
10 A and 10 A have been observed by the D eferrari and Boersch techniques 
respectively. However, neither technique can be applied for m easuring
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vibrations of rem ote ta rgets. The D eferrari method is restric ted  to accessible 
ta rgets, since m easurem ents can be carried  out only after calibration of the 
system . On the other hand, the Boersch system s were developed to investigate 
displacements of p iezo-electric  m ateria ls, so that the device, whose movement 
is to be m easured, is incorporated in, and form s part of, a la se r  resonant 
cavity. It must, therefore, be specular, of high quality, and in a predeterm ined 
position. Remote and rough surfaces cannot be considered.
6 * Motion Sensing.
Sensing the motion of rem ote and diffuse targets  was investigated by Kroeger 
(Ref. 45), and the instrum ent used for the work is shown diagram atically in 
Fig. 16. The Doppler effect is again used to determ ine movements of the 
target, but the main in terest of K roeger's work is in the study of the retu rn  
signal from  the diffuse target. This led to a relationship between the beam 
spot diam eter and the receiver apertu re  diam eter, which is  also discussed 
in Ref. 46, 47. White bond paper and scotchlite targets were employed for 
experim ents and adequate Doppler signals were obtained at the lim iting ranges 
of 35 ft. for the paper and 180 ft. for the sem i-cooperative target.
7. Other Techniques.
A number of other methods a re  presently  being developed which use the Doppler 
principle to establish velocities or displacements of fluids and of solids, and 
some of these will be sum m arised. Each technique has a different approach 
to the problems.
For instance, Bouwhuis (Ref. 48) uses the Zeeman effect (Fig. 17) to introduce 
a frequency offset in the reference beam of the in terferom eter, while Massey 
(Ref. 49) uses a Bragg cell for the offset (Fig. 18). Both combine their 
reference beam with the transm itted beam and determ ine the vibration of 
the target by suitable electronic circu its following the photodetectors.
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On the other hand, Pike (Ref. 50) and Penney (Ref. 51) focus both beams on 
the target after splitting. Fig. 19 shows Pike's system, which is used for 
m easuring turbulence in fluids, while Penney's apparatus, Fig. 20, m easures 
velocities of solids and, in particu lar, of metal extrusions. In the case of 
Fig. 19, the re triev a l of information is done by detecting forward sca tte r as 
the fluid is transparent, while for m etallic surfaces the re trieva l is  achieved 
by detecting back sca tte r from  the surface. In both techniques Doppler signals 
a re  obtained which a re  processed to give complete understanding of the motion 
of the target.
A different approach was developed by Rudd (Ref. 52), represented in Fig. 21, 
where the la se r is used as a light source as well as a m ixer oscillator, thus 
producing the necessary  interference pattern to develop a Doppler frequency 
siernal from  which the target velocity can be calculated. One lim itation lies
r frequency shift m ust not exceed the bandwidth of the la se rj  cavity am plifier.
i
8 . Summary.
To obtain information regarding sense of direction of a target, it  is  neccesary  
to introduce additional complexity to an in terferom eter. In general, this can 
be achieved by generating two signals, arranged to be in quadrature either by 
optical or electronic means. From  these, a single sideband signal can be 
derived which is  frequency modulated at the ra te  of the target movement.
When demodulated, such a signal will give full information about the target 
movement, including sense of direction.
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CHAPTER IV.
METHODS OF MEASURING VIBRATIONS
1. Introduction.
The centre of the discussions in this chapter is  the ambiguity in the output with 
the sense of direction of motion. It is  shown how the problem can be overcome 
using heterodyne techniques and it then leads on, in sections 6  and 7, to a 
description of the system  adopted in the instrum ent which form s the subject of 
this thesis, together with the reasons for its  adoption.
The explanation is given in te rm s which a re  substantiated theoretically  in 
Appendices 2  and 3.. Section 6  represen ts the salient feature, and form s the 
basis of the claim  of originality of the thesis .
2. Homodyne System. '
Normally, the detection of velocities or displacements using an in terferom eter 
is achieved by combining the reference beam, which acts as a local oscillator, 
with the transm itted beam returning from  the target. Because the frequencies 
of the reference and outgoing transm itted beams a re  identical, the detector 
output contains only the difference frequency due to the target movement. 
Detection of this type is  known as homodyne, which is  the degenerate form  of 
heterodyne.
Since an ordinary electric  c ircuit cannot distinguish between a positive and 
negative frequency, the instrum ent is, therefore, unable to distinguish wrhether 
the returning Doppler shifted signal is above or below the transm itted frequency. 
Thus, directional information cannot be obtained. This is shown in F ig. 22 for 
a sinusoidal movement of the target and the output of the system , from  a 
frequency discrim inator, is represented by a rectified sinusoidal waveform.
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Furtherm ore, displacements sm aller than A/2 cannot be m easured. This 
may be seen by considering the effect of a small vibration amplitude, for 
example less than a 1/16 of a wavelength, superimposed on the d iscrim inator 
characteristic  (Fig. 22). The output signal level at the vibration frequency 
depends both on the reflectance of the target and on the position on the 
discrim inator curve. Therefore, conditions exist when no re tu rn  signal 
is  obtained which imply incorrectly  that the target is  stationary. Hence, 
sm all displacements cannot be measured without p rio r calibration.
3. Heterodyne System.
All the necessary  information about the target motion is contained in the beam 
returned from  the target and, if properly processed,should be available. To 
recover directional information, a different detection technique m ust be used. 
This can be done by shifting the frequency of the reference beam by an amount 
substantially g rea te r than the Doppler shift due to ta rge t motion, known as the 
heterodyne technique. When the two beams a re  now combined on a photodetector, 
the output from  the frequency discrim inator gives a waveform that reproduces 
the motion of the target, and is represented in Fig. 23. The diagram  also 
shows velocity, assumed sinusoidal. Clearly, the direction of ta rg e t move­
ment is preserved. Also, displacements sm aller than A/2 can be m easured, 
because it is achieved by comparing the frequency modulation introduced by 
the movement of target with a reference frequency modulation. Hence, by 
using heterodyne detection, the retu rn  signal is made independent of the 
reflectance of the target and of the position on the d iscrim inator curve.
4. Practical Heterodyne Systems.
A heterodyne system  was f irs t dem onstrated at optical wavelengths by Bloom 
and Buhrer (Ref. 53, 54, 55), who overcame the problem of providing an 
offset local oscillator by modulation of the transm itted beam at a very  high 
frequency. The system  is shown in Fig. 24, which rep resen ts  diagram atically
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the optical tran sm itte r and rece iver. The output at both ends of the la se r  
a re  used for the experiment, one output as the transm itter and the other as 
the m ixer oscillator.
The transm itted beam passes through two KHoP0 (KDP) modulator c ry sta lsJL 4
which give a single sideband output. The c a r r ie r  is then suppressed by a 
suitable combination of a quarter-w ave plate and po lariser. The beam s a re  
allowed to mix and fall on a photodetector. The photodetector output is  then 
readily demodulated by a variety  of heterodyne reciever c ircu its .
Although p rim arily  designed for the reception of single sideband suppressed 
c a r r ie r  signals, the system  could be adapted for vibration m easurem ent, 
with further development.
Briefly recapitulating from  Chapter III, heterodyne detection is  equally used 
in the Bouwhuis and in the Massey system s. In the f irs t case, the frequency 
offset is  achieved by the Zeeman effect, while Massey obtains the offset using 
the birefringent property of a Bragg cell, which produces a diffraction grating. 
Yet another technique uses a rotating diffraction grating (Ref. 56), as opposed 
to the Bragg cell. In general, introducing frequency offset by these various 
configurations can be expensive, complex and difficult to adjust. Therefore, 
alternative methods were examined.
In microwave techniques, two separate oscillators can be used to beat to g e th e r . 
This is not yet feasible in la se r work outside laboratory conditions, because
g
the stability of any two la se rs  used would need to be in the region of 1 in 10 .
5. Simpler Alternatives to Heterodyne Systems.
A few sim pler alternatives w ere considered to produce the offset in the local 
oscillator. In the method adopted, the reference m irro r  of the Michelson 
in terferom eter is made to vibrate, thus introducing frequency modulation 
in the reference path. The m irro r  could be driven in various ways.
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Firstly , it is evident that driving the m irro r  in a saw-tooth fashion gives 
a fixed frequency offset during the r is e  of the saw-tooth. The block diagram  
of such a system  is shown in Fig. 25. The reference m irro r  moves at 
constant velocity towards the beam sp litter until it reaches the end of its  
travel, and then flies back alm ost instantaneously. Sense of direction 
of the target vibration can be determined after analysing the shape of the 
superimposed waveform.
In practice, the necessary  travel of the reference m irro r must be about 
0.1 of an inch if the frequency of the m irro r  drive is 10 Hz and the m easure­
ments of target vibrations a re  carried  out in the audio range, say, up to 
16 KHz. This m irro r  travel gives a frequency offset of 80 KHz, and can 
be easily achieved.
One of the lim itations of the system  is  that the m irro r m ust move perpen­
dicularly to the reference beam, otherwise the in terference pattern would be 
lost. This lim itation could be simply overcome by introducing an additonal 
m irro r in the transm ission path (Fig. 26). Because of reciprocity , the re tu rn  
beam in terferes with the reference beam, although the focussed spot on the 
target might vary slightly in position due to the im perfect motion of the 
driven m irro r.
To extract information, it is necessary  to know the frequency offset accurately . 
This would be done by increasing the number of optical components in the 
reference path, as shown in Fig. 27. The additional optics introduce losses 
which degrade the S/N ratio , thereby making detection m ore difficult. In 
the case of the vibrating m irro r in the transm ission path, the tracking of 
the frequency offset can sim ilarly  be obtained.
A serious drawback to this method is that the m irro r  drive frequency which 
would be within the audio frequency range would probably appear at the 
discrim inator ouput and, thus, compromise the m easurem ent of ta rg e t velocity.
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An alternative to a saw-tooth mode of vibration is simple harmonic motion.
At f irs t sight it appears that the information would be very much m ore 
difficult to extract, although c learly  it is  still available in a somewhat 
obscure form . Sinusoidal m irro r vibrations a re  very much easier to 
generate than a re  saw-tooths, because resonant p iezo-electric devices 
can be used.
In fact, mathematical analysis shows that sinusoidal vibrations of the reference 
m irro r provide a very satisfactory means of extracting all the information and, 
consequently, this principle was adopted in the instrum ent ultim ately developed 
and described in this thesis .
6. Principles of the Ultimate Working Instrum ent.
The apparatus is shown diagram atically in Figs. 28 and 29, with alternative 
detection facilities. The la se r with its  integral optics and the Michelson 
in terferom eter configuration a re  the same as employed by Botcherby, des­
cribed in Chapter III and Appendix 1. The only difference is that the reference 
m irro r is now driven by a sinusoidal generator, to give the frequency offset 
in the reference beam.
Fig. 30 shows qualitatively the behaviour of the system , where the curve is 
the photodetector output current plotted against the path length difference 
between the reference and signal paths, and represen ts the usual fringes.
Assume the target to be stationary, and re fe r  to the diagram . Suppose the 
target is  in position A and the reference m irro r is set oscillating at a 
frequency of f . The signal output would be approximately sinusoidal, and 
of the same frequency as the driving frequency of the m irro r . If the targe t 
is  moved to point B, the output is  again at an angular frequency ^Ttf^, but 
has a phase rev e rsa l of t t  radians. However, for target positions like C, 
the frequency at the output is twice the input frequency, namely 2 f , there  
being no component at f . The same applies to positions like D, and again 
the phase at the frequency 2f differs by t t  radians from  that at C.
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F or a ta rge t moving linearly  from  A to D and slowly relative to the reference
m irro r oscillations, the output is  predominantly a combination of components
of frequencies f and 2f . The exact spectrum  will be a function of the T m m r
amplitude of the reference m irro r vibrations and the speed of the targe t.
\
It can be seen that the information on the direction of the target is  available
from  a knowledge of the way the phase changes with tim e for each component
f and 2 f . m m
• r
It will be shown in Appendix 2 in m ore detail that the expression fo r the 
alternating component of the photodetector output current contains frequency 
components which a re  multiples of the m irro r  drive frequency corresponding 
to the various orders of the B essel function and is represented by:
|  cos (2 p x )] jo(m) + 2  J^Cm) cos 2  u ^ t + 2 J^(m) cos 4u>^t + . . .  J
+ sin (2 |ix) \o. J^(m) sin co^t + 2  J^(m) sin 3to^t + . . .  J  J
is  the distance of the target from  a reference position as 
defined in the mathematical analysis of the system  in Appendix 2 ,
is the modulation index, dependent on the amplitude of the 
reference m irro r vibration,
=  2T T f ,  m
is the propagation constant,
C is a constant of proportionality,
Jn (m) is  the Bessel function, where n is  an integer.
To recover the desired information about the target motion, the components
to  and 2 to a re  sufficient and are  separately filtered out and can be \  m m
i = C
where x
m
Co
m
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represented m athematically as follows:
i = 2  J (m) sin (2 Ax) sin (u> t) . 
1 1  m
i = 2  Jo (m) cos (2 /Sx) cos (2 u> t) ^ /t m 2.)
1 . )
In point of fact, the components of the signals at the harm onics of the 
m irro r drive frequency may be seen to correspond to double sideband 
suppressed c a r r ie r  modulation of these harm onics by a frequency c o r re s ­
ponding to the Doppler difference frequency due to target movement, i . e . ,  
an expression of the form :
y = A sin Oj  t  sin Co t.
1 2
where C0 1 is  a modulating signal ang'ular frequency, and to  is  a c a r r ie rX A
signal angular frequency.
Fig. 31. is an oscilloscope trace  showing how the two curren ts, i^ and i^ 
in terre la te  in a typical experiment, when x varies linearly  with tim e. The 
envelopes a re  clearly  seen to be in quadrature, as the equations 1 and 2  
indicate.
For motion in the positive x direction, the envelope of the second harm onic 
leads that of the fundamental by 90°, and vice versa  for motion in the opposite 
direction. This fact could be employed to find the sense of direction .of the 
target, by analysing the shape of the amplitude envelopes. However, there  
a re  disadvantages in relying on amplitude data to provide the required 
information, since the frequency of the amplitude modulation is at leas t 
10 tim es sm aller than the modulation frequency of M^. Thus, only ta rg e t 
displacements la rg er than X /2  can be m easured. Hence, it is  p referab le  
to use the knowledge contained in the phases of the two signals to obtain 
the required information. The information is best extracted from  the 
signal output at a single frequency, and one method of approach is  to convert 
the second sideband i^ to a form i^ such that
i^  = 2 J2 ^  c o s  c o s 3 .)
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This is conveniently obtained by mixing the second sideband with a signal 
which has a frequency three tim es the modulation frequency, 3 ^ .
Next, the modulation index of the vibrating reference m irro r  was 
varied to make the amplitudes of the two sidebands equal
J^m ) = J2  (m) = J (m) .
This was achieved when m = 2.63. ' '
For this value of m, the amplitude of vibration of is required to be about 
A/2. The two signals are  then added to give a signal constant amplitude, 
which is
i  ^ = ■+ * 2  = -K.(sin (2 px) sin + cos £ x)
cos (to  t)j m J
where K = 2 C J (m)
this can be expressed m ore simply as
i = K cos (U) t  - 2 p x )  .................................. .............. 4 .)t m 1
It is now only necessary  to deduce x in one of the following ways.
The choice of detection system  depends on the target surface. Here a
distinction is made between specular and rough surfaces, although surface 
roughness has been already reviewed in Chapter II, section 3 .2 .
In general, a diffraction pattern is  formed in front of a target when illum i­
nated with a la se r. A special case of diffraction pattern is obtained when 
m easuring vibrations of m irro r ta rge ts . The shape of the pattern  rem ains 
the same throughout m easurem ents, but a relative phase vibration is 
obtained when the m irro r is displaced. Now, if this phase change is 
recorded and processed in a phase sensitive detector, then the ta rge t 
movement can be determ ined,as it is directly proportional to the phase 
change.
This method is ideal for vibrations less  than A/2. Otherwise, fo r la rg e r 
amplitudes of displacement, it is necessary  to construct a phase d iscrim inator 
with a linear characteristic  curve for large variations of phase shift.
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It is  seldom convenient to  use specular targets in p ractice. Therefore, the 
perform ance of the system  is  considered for the case of random rough surfaces. 
The output of the phase discrim inator was noisier than for specular ta rg e ts .
This deterioration in signal to noise ra tio  a rise s  from  the fact that the phase 
detector m easures absolute phase in an instant of tim e, and it holds no 
information on target displacement as this is related to the ra te  of change in 
phase. These absolute phase values bear no coherent relationship to each other, 
thus invalidating any inferred position m easurem ents using a phase detector.
The overall noise that is obtained at the output 6 f the detector for both types of 
surface is due to adverse atm ospheric conditions, especially if m easurem ents are  
made over long distances. For example, a ir  turbulence, humidity, atm ospheric 
p ressu re  and other sim ilar factors introduce e r ro rs  as they vary  the path length 
the la se r beam trav e ls , because of changes in refractive index. Unfortunately, 
these problems a re  inherent in all p resent system s, and these a re  in fact the 
lim iting factors on the accuracy of the instrum ents and on the perm issib le  
target distance before loss of information. Even by using a different kind of 
detector these problem s p e rs is t and rem ain a serious disadvantage.
However, the lack in coherence in the return  phase values when using random 
rough surfaces is overcome using frequency discrim ination. The frequency 
variation is measured instead of phase change, and it is directly proportional 
to the ra te  of change of the target movement instead of the target displacem ent. 
There is coherence between the frequency values over the tim e taken for the 
experim ents, so that the vibration velocity of the target can be determ ined.
The amplitude variation represented by K in equ. 4. does not influence the 
output of the discrim inator. Consequently, the accuracy of m easurem ent is 
not im paired by fluctuation in the intensity of the returned light.
Briefly summarising, it has been shown that the frequency d iscrim inator is  the 
m ore practical solution of the two for m easuring vibrations of rough surfaces. 
Also the instrum ent as a whole is a definite improvement over other methods, 
most of which require co-operative targets if successful operation is to be gained.
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/ .  June E ffe c t or a M ulti M ode L a s e r  s y s t e m .
For sim plicity, the system  has been analysed assum ing a la se r  with only one 
axial mode. As mentioned in Chapter II. 2, there  is  no limitation to the 
position of the target when single frequency operation is used, but this is  not 
so when multi-mode la se rs  a re  employed, as the perm issible target position 
with respect to the la se r  is  governed by the la se r  cavity length. Assuming 
a He-Ne la se r  with th ree axial modes, the alternating photo-current is given by
1 o<. ^  2  2 ltri 2  2T1T2  2  27TrQcos ( x + 6  ) ( E_ cos   x + E " c o s  x + .E cos------- x )c ' L _c 2 0c 3 rCto 2  n r y 2wc Tirr
• /  O  i C \  /  -n  "  T-i . m 2j , ■ O  \- sm--( -------- x + o ) ( E .  s i n ------- x + E_ sin ------- x + En s in ------- x ;o X o JL q, 3 o
where U>o = 2 nf0  and f is the axial mode centre frequency,
x is twice the lase r target distance,
co ■ + 2 -Tir1 to  + 2 ur ud + 2 nr _c o 1 . v o ^ / - \ o 3 / *
6  = '    (  V t  )  — ---------:-----—  (  V t  --------------------------  (  V t  )
C  C  C
v is the velocity of the target,
r  1, r  ■ r Q a re  the frequency differences of the f irs t, second and th ird
JL Z* O
mode with respect to f , '
E 1, E , E a re  the power amplitudes of the th ree  modes, each varies  in a
2 - 2 r  /aGaussian fashion (such as E = e where ’a 1 is  the half­
bandwidth of the Doppler width).
The derivation of the above expression is given in Appendix 3. 
It can be rew ritten as
LO o
i oc cos (  x + 6  ) B . - sin (   x + 6  ) B 0c 1 c 2
BI 2 2~ -1 u 2where B = y B  ^ +B 2  and 0 = tan (- ——  )
It is also shown in Appendix 3 that the amplitude A varies in magnitude following 
a cosine waveform having alternate maxima and minima spaced apart by a 
distance L/2, where L i s  the la se r cavity length. For a la se r  of length 30 c m ., 
the maxima a re  thus 30 cm. apart.
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Therefore, for best return  signals, the target m ust be placed at even m ultiples 
of 15 cm. It has also been found that at the maxima the amplitudes rem ain 
alm ost constant throughout the experim ents, because the variation in amplitude 
A is negligible with the variation of the axial mode positions under the Gaussian 
curve. This variation is  in the order of 4 - 5%.
8 . Summary.
A frequency offset in the reference signal can give directional information.
In this work it has been achieved by driving the reference m irro r  in a sim ple 
harmonic motion, and it was shown that the photodetector cu rren t output 
contains a ll the necessary  information about the target motion. E lectric 
circu its process the curren t signal from  the photodetector so as to give the 
magnitude as well as direction of the target movement. The position of the 
target relative to a th ree mode la se r is  considered. This led to the conclusion 
that the target must be placed a distance (15 n) c m ., where n is  an even integer, 
away from  the la se r  for maximum return  signal.
CHAPTER V.
EQUIPMENT DESCRIPTION
The complete block diagram of the system  is shown in Fig. 29. The 
system  can be divided into th ree m ajor p arts:
a) The la se r in terferom eter.
b) The reference m irro r and driving circuit.
c) The re trieva l c ircu itry .
These parts  and their basic interconnections a re  shown schem atically in Fig. 32. 
The f irs t  part is discussed in Appendix 1, while the rem aining two parts  will 
be described within this chapter. A section then follows which deals with 
additional c ircu itry  which was needed to make detailed im provem ents. An 
analysis of the perform ance of the electronic system  is given in Chapter VI.
1. The Reference M irror and Driving Circuit.
It was shown in the previous chapter that the introduction of phase modulation 
in the reference beam of a Michelson in terferom eter enables an unambiguous 
m easurem ent of target vibration to be obtained using appropriate electronic 
decoding c ircu itry .
A number of methods for obtaining the required phase or path length modulation 
were considered, including the use of m agneto-strictive,. electro-optic and 
p iezo-electric effects.
An electro-optic phase modulator might appear to provide the m ost elegant 
solution. However, in its sim plest form, it requ ires high drive voltages and 
is  comparatively expensive. Units using the tran sv erse  electro-optic effect 
which requ ire  low drive voltages are  now available, but these a re  expensive 
and sensitive to tem perature variation.
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It was considered that a m agneto-strictive transducer wouid prove difficult 
to use in a resonant mode at frequencies approaching 1 MHz, and would 
requ ire  high drive power if used in a non-resonant mode.
Cheap p iezo-electric  transducers a re  readily available, and capable of 
operating in resonant modes at frequencies well in excess of 1 MHz. It was, 
therefore, decided to use one of these, namely Barium Titanate (Ba-Ti) ceram ic, 
to drive the reference m irro r.
The equivalent c ircu it of a piezo-electric device is well known (Ref. 57, 58) 
and in its complete form  is  shown in Fig. 33. The L, C, R components a re  
the electrical equivalents of the corresponding mechanical p roperties of the 
p iezo-electrical m aterial, and their values a re  determined by the dimensions 
and physical constants of the ceram ic or crysta l m aterial. It can be operated
I in a non-resonant manner, or at one of several resonances. In both modus 
/ operandi, the shunt static capacitance C* is undesirable. However, in non- 
; resonant devices, not much can be done about C ', except choose the piezo­
electric  m ateria l which has maximum activity. In resonant devices, C f may 
be neutralised by employing a shunt or se ries  inductor chosen to resonate 
with the static capacitance.
F or maximum displacement, the ceram ic m ust be driven at resonance.
Because the piezo-electric  disc can vibrate in various modes, a number of 
resonances a re  produced. The axial mode only will be considered, because 
it produces maximum amplitude of movement. Two resonances spaced closely 
• together a r ise . The se ries  resonance, which is  obtained when the L, C, R 
components in Fig. 33 resonate between them selves, and the an ti-resonance 
which is produced when C ’ resonates with the L, C, R components. The 
anti-resonance is  eliminated by neutralising C* with the shunt inductor which 
is also part of a matching circuit, as will be shown la te r. Before the ceram ic 
constants could be m easured, it was necessary  to form  the Ba-Ti ceram ic as 
part of the in terferom eter m irro r . This operation affects the constants.
\
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Attempts were made to polish the Ba-Ti in order to obtain optical fla tness. 
However, it proved im possible to remove all the surface defects, even after 
prolonged polishing (up to 100 hours). Nevertheless, after alum inising, some 
resu lts  were obtained with the system  using such a m irro r. Subsequently, the 
modulator was improved by glueing a thin optical flat m irro r to the front 
surface of a Barium-Titanate disc and the resonant frequency adjusted by 
carefully machining the re a r  surface. Plates 1, 2, 3 show various m irro r  mounts.
The m irro r  was mounted to allow it to move freely  in a sinusoidal manner, but 
rigid enough to keep electrical contact while vibrating to modulate the reference 
beam. Fig. 34 shows schem atically the m irro r mount. The disc is  1" in diam eter 
and 1 /4 ” thick. The aluminium casing provides the earth potential on the front 
of the disc which holds the m irror,w hile the re a r  face is  supported by an 
j aluminium ring, which form s a quarter wave acoustic choke. This choke provides 
/ an acoustical matching c ircu it to maintain the disc in constant e lec trica l contact 
/ with the drive unit while it is vibrating.
After construction, the electrical ch aracteris tics  of the modulator w ere 
m easured using the technique shown in Fig. 35. The static capacitance C* was 
m easured, and found to be 70 pF. For the axial mode of vibration, the se rie s  
resonant frequency was 450 KHz, and the anti-resonance occurred at 460 KHz. 
The values of L, C and R can be calculated once the two resonant frequencies 
a re  known. They a re  represented by
The dynamic resistance of the equivalent c ircu it is 400f2 for the se rie s  resonance 
at 450 KHz. A matching c ircu it is  necessary  to couple the ceram ic to the output 
of the power am plifier, which drives the m irro r and which was designed to work 
\ into a 15f2 load.
where f^ is  the se rie s  resonant frequency.
f .  = f, • ( 1 + C / 2 C * )  where f is the anti-resonance. 2 1 2
- 67 -
ao
ID
' C O '
<N
)
8
*
J k
PL
AT
E 
1. 
VA
RI
OU
S 
M
IR
RO
R 
M
OU
NT
S 
U
SE
D
.
-  69 -
PL
AT
E 
2. 
M
IR
RO
R 
M
OU
NT
 
US
ED
 
IN 
TH
E 
SY
ST
EM
. 
TO
P 
V
IE
W
.
-  70  -
PL
AT
E 
3. 
M
RR
OR
 
M
OU
NT
 
SID
E 
V
IE
W
BARRIUM TITANATE ALUMINIUM
C A S ECERAMIC
r e  \ w m m v WAVY
WASHER
A/4
P LUG  CONNECTIN 
THE M I R R O R  TC 
THE
DRIVING CIRCUIT
r
L-ALUMINIUM
OPTICALLY
FLAT
M I R R O R
P.T.FE.  TO I S O L A T E  
* - B a -T.- FROM C A S E
FIG. 3 4  MIRROR MOUNT
-  7 1  -
R
J ^ A A A A
5K6
Ba-Ti
SIG N AL  © 
G E N E R A T O R
X PLATES
_  Y P L A T E S  
O SC ILL OSC OPE
FIG 3 5 .
TECHNIQUE TO  FIND R E SO N A N T  FR EQ U EN CIES AND  
CIRCUIT C O N STA N TS O F TH E B a - T i  OERAMIcT ~
MATCHING CIRCUIT 
r n
INPUT FROM 
POWER 
AMPLIFIER
Bq - T ;  CERAMIC 
RE S O NA N T  EQUIVALENT C I RC U IT
A-
m & m
FIG 3 6 .
CIRCUIT O F  MATCHING CIRCUIT AND R E S O N A N T
Ba-Ti CERAMIC. -  79. -
A Smith chart was used to find the matching circuit components. The 
matching unit is required to transform
ZIN = (1 5  + Q t 0  Zin  = (4°° + j 
and is  shown in Fig. 36. and Plate 4.
The values of the components a re  as follows:
L 1 = 27pH C = 4423 pF.
The inductance also neu tralises C 1 of the equivalent c ircu it in such a way that 
the anti-resonant frequency is  changed to a much higher value, namely to about 
4 MHz, which leaves only the se rie s  resonant frequency in the working bandwidth.
The power am plifier that drives the disc is shown diagram aticaliy in Fig. 37. It 
can deliver up to 3 watts, as it is necessary  to drive the ceram ic quite hard to 
obtain appreciable movement.
However, it was found that the power is substantially reduced if the m irro r  is 
made part of a self-oscillatory  system, as shown in Fig. 38. It uses the sam e 
power am plifier as presented in Fig. 37. The Ba-Ti m irro r  is  connected to 
the power am plifier via a transform er, which replaces the 15f2 resis tance  a t 
the output of the power am plifier (Fig. 37) and also matches the power am pli­
fie r to the m irro r . The output feeds a phase shifter to make the loop oscillate, 
and an am plifier which then feeds back into the input of the power am plifier.
The transform er, the Ba-Ti ceram ic, the phase shifter and the am plifier a re  
represented in Fig. 39. The power required for the same amplitude d isplace­
ment as when driven by the power am plifier is  only about 200 mW.
The displacement of the m irro r can be easily deduced because, as was explained 
in Chapter IV, the modulation index m under operating conditions m ust be se t 
to a value 2.63.
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Now m is  given by
m  =  2-nb/X
where b is  the maximum displacement of the m irro r, and X is  the wavelength
of the la se r  beam. Thus, when the instrum ent has been co rrectly  set up
2 .63.X An b = =>260 pm.
For sinusiodal vibrations, the maximum amplitude of displacement is about 
half the la se r wavelength. This is  much sm aller than the 0.1 of an inch 
displacement required in the saw-tooth case.
2. The Retrieval C ircuitry .
2 .1 . Block Diagram.
Fig. 40 is a detailed block diagram  of the retrieval c ircu itry . The output 
signal from  the in terferom eter contain, mainly, the f irs t and second sidebands, 
of frequency f^ = 450 KHz and f^ = 900 KHz respectively, because the modu­
lation index m was chosen to be 2. 63. For this value of m, the rem aining 
harm onics a re  very sm all, and for the p resent purposes can be neglected, 
f j  and f^ a re  separated by amplifying and filtering  in two separate channels.
The filtering also elim inates all other harm onics that might be p resen t.
The output of the 450 KHz band-pass f ilte r is fed into an em itter follower 
acting as a buffer am plifier which drives the adding c ircu itry .
It is necessary  in the second channel to derive from  f a signal a t the frequency 
f j .  This is done by feeding the f il te r  output to a m ixer stage driven by the 
local oscillator at the frequency (f. + fQ), i .e .  , 1350 KHz. The output is  at 
the required difference frequency, f = 450 KHz. This again is fed to the 
adding circu itry  via an am plifier and em itter follower. The sum (and other 
frequencies) are  removed by filtering.
The addition circu itry  thus operates on i^ and i^ re fe rred  to in Chapter IV, 
equations 1 .) and 3 .).
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The output of the addition c ircu it now contains a cu rren t 
i = K cos ( 2nfjt - 2 fix) 
re fe rred  to in Chapter IV, equation 4 .) .
This curren t is  f r e q u e n c y  modulated, its  modulation containing the required 
information on any vibration of the target, and is, therefore, fed to a frequency 
discrim inator via a lim iter and em itter follower. The rem aining blocks make 
up the discrim inator.
2 .2 . Band-pass Am plifiers.
Fig. 41 shows the circu itry  of the 450 KHz and 900 KHz am plifiers and band­
pass f ilte rs . In the f ir s t  harmonic channel, the filte r is  made to pass the band
400-500 KHz, while the f ilte r in the second channel is  made to pass the band
850-950 KHz. These filte rs  determ ine the bandwidth of the system , which is  
100 KHz. The curren ts i^ and i^ in the two channels a re  of the form  given in 
Chapter IV
*1 = 2  ^(m ) sin (2 p x ) sin (u ^ t) ,
* 2  = 2  V 111^ C0S cos 2^ u mt ^
which rep resen t double sideband suppressed c a r r ie r  signals.
The filte rs  a re  coupled tuned circu its  designed to give constant amplitude 
output over the bandwidth. The values of the components of the band-pass 
f ilte rs  were optimised using a com puter. The amplitude and phase responses 
of the two channels were computed, and it was found that relative phase changes 
between the input and output of the two filte rs  differ considerably. It was, 
therefore, necessary  to introduce further c ircu its  in the second channel to 
equalise the phases, as  will be shown la te r.
2 .3 . Em itter Followers.
Fig. 42 shows the c ircu it of a conventional em itter follower used in the two 
channels.
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2 .4 . Mixer.
A number of m ixers were tried  out, but it is known (Ref. 59) that the field-effect 
tran sis to rs  a re  notably superior to other solid-state devices in c ro ss  modulation 
charac teris tics  and in their relative freedom  from  spurious responses. T here­
fore, a single gate field-effect tran sis to r was selected for the m ixer of the 
system , and its circuit is shown in Fig. 43.
2 .5 . Amplifier.
Following the m ixer is an am plifier with a band-pass f ilte r at the output. This 
rem oves unwanted frequencies. The c ircu it used is  also  shown in Fig. 43,
2 .6 . The Addition Circuit, Amplifier, L im iter.
Assuming the target to be stationary, the two curren ts i^ and i^ a re  in 
quadrature. Combining them elim inates the amplitude variation represen ted  
by the (2 (*x) te rm s. The two signals a re  combined in the sim ple adding 
c ircu itry  represented by Fig. 44.
With target vibration present, the information contained in the amplitude 
envelope is transform ed to a frequency modulation on the 450 KHz signal, and 
detecting this frequency modulation gives the required information. This 
frequency modulated signal is  thus analagous to a signal obtained by a single 
sideband generating system .
Although, theoretically, no amplitude variation should exist on the combined 
output, it was found in practice that cancellation is  not complete. An am plifier 
follows the addition circuit, which also acts as a lim iter to provide rejection 
of amplitude modulation due to varying signal strength. Fig. 44 shows the 
lim iter circuit,which consists basically of a m icrocircuit driven into saturation 
using an RCA m icrocircuit number CA 3028.
2 .7 . Frequency Demodulator.
From  this point onwards the only concern is to demodulate the 450 KHz frequency 
modulated signal. Fig. 45 shows the block diagram  of the method used for 
demodulation. The frequency modulation is translated  into a phase modulation 
using an artific ia l delay line (Fig. 46). The advantage of using a delay line
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instead of a m ore common frequency discrim inator, such as a Foster-Sealey, 
is  that the sensitivity of the system  can be varied by simply changing the 
length of the delay ra ther than by changing components and coupling facto rs. 
This enables a whole range of magnitudes and frequencies of vibrations to be 
easily  observed.
The line introduces a constant delay of 10 psec. Its output is  compared with 
an undelayed sample of the signal in a phase detector. However, before 
detecting the phase difference, the waveforms a re  changed from  sinusoidal 
to square.(Fig. 47) in order to linearise  the phase charac teris tic . This has 
been achieved with a linear m icrocircuit from  Fairchild pA 710. The relative 
waveforms a re  represented in Fig. 48.
Fig. 49 shows the phase discrim inator, which is basically a bistable c ircu it. 
Assuming that the square waves entering the bistable a re  those shown in Fig. 
48, the output of the collector is  a square waveform having a m ark space ratio  
(Fig. 50) directly proportional to the phase difference between the two input 
square waveforms.
The output of the bistable is  followed by a two-section filte r (Fig. 51) which 
allows only the audio frequency of the target movement up to 16 KHz to pass 
through, while blocking the 450 KHz signal.
The apparatus was calibrated p rio r to m easurem ents, and this will be 
described in the following chapter,,
3. Additional C ircuitry .
A few modifications were necessary  in the final stages of testing to make the 
experim ental equipment operate satisfactorily . The additional c ircu its  a re  
discussed here, and represented in F igs. 32 and 40.
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3 .1 . Squarer, Divider and Amplifier.
To determ ine vibrations, it is necessary  that the output from  the re trieva l 
c ircu it be referred  to the m irro r drive waveform. To do this, the 1350 KHz 
waveform of the local oscillator (L .O .) driving the second channel m ixer has 
been used as a reference. The sinusoidal waveform is squared-off in the 
circu it shown in Fig. 52, and its  frequency then divided by th ree  using two 
J-K flip-flops. The output is thus a square wave of uneven m ark space ra tio .
This output is  fed to a 450 KHz band-pass filter, which passes only the 450 KHz 
component, which is then fed into the power am plifier driving the m irro r .
3 .2 . Additional F ilte rs .
It was found that the two channels did not behave in the same m anner. This 
was mainly due to there  being a different number of filte rs  in the channels, 
and their consequently having different phase ch arac te ris tics . An attem pt 
was made to equalise the phase change between the inputs and outputs of the 
two channels over the 100 KHz bandwidth by adding extra filte rs  in the second 
channel, as shown in Fig. 53. Their phase charac teris tics  a re  displayed in 
Chapter VI.
3 .3 . Phase Shifter.
Further improvement was obtained using a phase-shifter in the second channel. 
At f ir s t  a passive phase-sh ifter was selected, but it  was eventually substituted 
by an active phase-shifter, shown in Fig. 54, which consists of single gate 
field-effect tra n s is to rs . This was done to provide for future development a 
means by which the system  could be made to track  the phase autom atically.
4. Summary.
The electrical c ircu itry  serving the la se r  in terferom eter is  described. 
Satisfactory resu lts  have been obtained using this c ircu itry . .
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CHAPTER VI
' ADJUSTMENT AND CALIBRATION OF THE INSTRUMENT
1. Introduction
In the two previous chapters discussions were concerned with the theoretical 
analysis of the system  and with its realisation. Here a description is  given 
of the matching of the two channels and the calibration of the system .
In Chapter V it was briefly mentioned that additional filte rs  were necessary  
in the second channel to improve the perform ance of the system  by reducing 
phase distortion. This matching problem will be examined in g rea te r  detail 
below.
The lim iting sensitivity of the instrum ent is considered in relation to the 
minimum detectable vibration level. Since this is determined by the noise 
present in the system , a c ritica l discussion of noise figure and tangential 
sensitivity is presented.
Details of the initial calibration of the instrum ent a re  given, together with 
an estim ate of the probable m easurem ent accuracy of the system .
2. Matching of Phase Change in the Two Channels 
Over the 100 KHz Bandwidth
To recapitulate, Fig. 55 gives a block diagram  of the two channels. As has 
been mentioned, the two channels have different band-pass filte rs  which 
entail different phase charac teris tics. The phase shift behaviour of the 
individual band-pass filte rs  over 100 KHz bandwidth has to be determined 
before the difference in the two channels can be corrected. Suppression of 
the undesired sideband, in any sideband cancellation system, is  dependent 
on the accuracy of setting the phases of the two channels.
In order to m easure the phase characteristic  of the two channels, a phase 
detector of conventional design was constructed, identical to the one used in 
Ghapter V, Section 2 .7 . A block diagram of this is given in Fig. 56. The 
operation of this phase detector is  briefly presented as follows:
A signal generator fed one of the three blocks in turn containing different 
c ircu its . The input and output sinusoidal waveforms of these blocks r e s ­
pectively were changed to square waveform using Schmitt trig g er c ircu its .
The two signals then entered a bistable circu it. The output contained a square 
waveform of variable mark space ratio, depending on the phase relationship 
of the two signals.
This variation in mark space ratio  changes the average value of collector 
curren t in the bistable tran sis to rs  accordingly. The change in cu rren t is 
directly  proportional to the phase, thus taking readings of cu rren t versus 
frequency gives the phase variation after calibration. Results a re  plotted 
in Graph 1 and 2.
From  the slopes of the three graphs, the phase change over the bandwidth was 
found. The f irs t and second channel am plifiers and filte rs  have positive 
‘slopes, while the m ixer, together with its band-pass filter and following 
am plifier which also has a 450 KHz band-pass filte r at its  output, has a 
negative slope.
- 96 -
2n
d 
C
H
A
N
N
E
L
 
1s
t 
C
H
A
N
N
E
L
?  4J ui
3  °  p  
O u w
z
^ 3  
h* O  .
3 U J  
-?*- 0 - (/) 
H  Z
2  O i  O  O  <
< = l
u ucn
d O  
a. io
== ■ < cc
U- Q  Q. UJ
j z i h  5: < § =i
■=5 ^  L l
X  z
U J Q - r ,  “  I ■ Q2 u
f c f l u i - O
h  -  J 2  h  ID
d I 0- < d I
u. o  2  ® u- o
SI
GN
AL
 
! 
 
 
BL
OC
K 
I,H
 
OR
 
XE
E
G
EN
ER
AT
O
R 
T 
' 
I 
FR
OM
 
FIG
 
55
H
O
UJ
H
UJ
O
UJ
U)
<
DC
CL
h u j t O  
O —j u_(J
^  (T  Z
u  &  n  “CO I "  ^  LO
- 98 -
FIG
 
56 
BL
OC
K 
DI
AG
RA
M
 
FO
R 
M
EA
SU
RI
NG
 
PH
AS
E 
C
H
A
R
A
C
TE
R
IS
TI
C
S 
OF
 
TH
E
 
TH
RE
E 
BL
OC
KS
 
I,H
 
AN
D 
If
f
PH
AS
E 
GR
AP
H 
1. 
PH
AS
E 
VA
RI
AT
IO
N 
W
IT
H 
FR
EQ
U
EN
C
Y 
FO
R 
BL
OC
KS
 
I A
ND
 
II
.
cq pa
m i m
o  o
m  on
■'t o\
O Ooo 00 
On
O o
^  ON
1
^  On
o  o  m o
ON
o  o  ^  o 
^  o c
o  o
c o  c o  
^  00
m m o  o  
cn rv  
00
00
1
O O
o  i n  
00
- 99 -
u*1
■<zo
B
w
o
s
PQ
&
z
B
§
w
CO
CN
o
SiBrH
- 100 -
40
0 
41
0 
42
0 
43
t> 
44
0 
45
0 
46
0 
47
0 
48
0 
49
0 
50
0 
(B
LO
CK
 
II
I)
85
0 
86
0 
87
0 
880
 
89
0 
900
 
91
0 
92
0 
930
 
940
 
95
0
This negative slope occurs because of the inversion of the band when down 
converted in the m ixer. Summarising the resu lts  briefly:
Slope of Block I 
Slope of Block II 
Slope of Block III 
Total slope of f ir s t  channel 
Total slope of second channel
The difference in phase between the two channels is minimised by means of 
additional filte rs , designed with this end in view, placed in the second channel 
in front of the m ixer stage. The circu it diagram  is given in F ig. 53, and 
consists of a band-pass filter followed by an am plifier with the output 
connected to a 900 KHz tuned c ircu it. These circu its ensure a constant 
signal output. An analysis of the phase characteristic  of this additional 
band-pass filte r was carried  out using a digital com puter. F or th is f i l te r ,  
c ircu it values were chosen in order to equalise the overall slopes of the two 
channels. The phase over the bandwidth was m easured as previously, and 
the resu lts  a re  plotted in Graph 2. From  the slope of the graph, it can be 
seen that the additional c ircu itry  successfully equalises the phase variation 
in the two channels.
When fhe f irs t channel was tested, the slope was found to be + (0 .82)°/KHz, 
and the total second channel slope was + (0 .8 8 )°/KHz over the working 
bandwidth (Graph 3). The relative phase difference per KHz is  + (0.06)°.
This slope difference represen ts a phase difference of 6 ° between the two 
channels over the 100 KHz bandwidth. The signals are , therefore, out of 
phase by ( tt/ 2  - 0.104) rad s, instead of the required rr/2 rad ians. It can be 
shown (Ref. 60) that the percentage of ripple super-im posed on the output 
envelope of the combined signals in Fig. 57 is  given by:
Percentage of ripple =100 . sin p> /2 . 
where p  is the phase e r ro r  from  tt/ 2 .  In this case, putting = 0.104 rad s , 
gives approximately 5% ripple.
+ 82° over the 100 KHz bandwidth.
+ 92° over the 100 KHz bandwidth.
, o
- 262 over the 100 KHz bandwidth. 
+ 82° over the 100 KHz bandwidth. 
-1 7 0 °  over the 100 KHz bandwidth.
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Although phase difference varies slightly over the bandwidth, the amplitude 
of the two channels also varies, and this equally introduces modulation on 
the output envelope. However, under ideal laboratory conditions, a ripple 
of about 3% has been observed over a lim ited bandwidth of 60 KHz.
The additional c ircu itry  im proves the audio output considerably, and by 
eliminating noise it enables vibration m easurem ent to be carried  out at 
higher vibration velocities than was at f irs t possible. P rior to matching, 
successful operation was only possible over a bandwidth of a few KHz. The 
extra f ilte rs , however, perm it satisfactory  operation over a range of 100 KHz.
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3. Analysis of the System Noise Figure and 
Tangential Sensitivity.
Consider Fig. 58.
The signal to noise ra tio  which is obtained at the output of an am plifier 
following the photomixer in an optical superheterodyne system , as in 
Ref. 61, may be shown to be given by
2  I 2  P P
G / N T  — ■ ■ ■ ✓ S O
'  ^  _  —- 3 1  ~  H I  4 F k  T  R  9  *
2 e I3  + 2e$B (P + P + P„ + PXT) + -  0  + 4  t  P B (u» + u * )d > s  o B N  r  7  o B N
where:
%
g2r
= *7 e , responsivity of the photodiode, 
hf
P = signal power coming back from  the target,s
Pq = local oscillator (LO) power.
Pn = total background noise power reaching the photodiode.D
P^ = total unwanted noise power from  the LO in the form  of
noise sidebands and spontaneous em ission.
e = electronic charge.
. I ■ = photodiode dark cu rren t.
B = bandwidth of the am plifier.
F = noise factor of the am plifier.
k = Boltzman's constant.
Tq = room  tem perature.
G = curren t gain of photodiode.
R = load resistance of the photodiode.
) the mean noise powers per unit bandwidth, due respectively
) = to background radiation and LO noise in bands of width B
) centred at f + f . . a n d  f -  f ...o if o if
f^  = IF frequency.
'f = LO frequency.
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If the la se r noise modulation is  sufficiently small, 
power is made sufficiently large, then an optimum 
noise ra tio  is  obtained, equation 1 .)  reduces to
S/N = P  2__
s hfB
where:
= quantum efficiency of the photodiode, 
h = Planck’s constant,
f = signal frequency.
The noise te rm  hfB/i^ rep resen ts the local oscillator quantum noise (also 
re fe rred  to as shot noise) and this determ ines the ultim ate perform ance of 
the system .
In practice, however, the la se r  noise modulation is not insignificant. With 
careful design of the la se r  curren t controlled power supply, the residual 
la se r  noise components a re  found to consist of:
i. Mains frequency ripple.
ii. Fundamental gas resonance phenomena.
iii. Inter-m ode beats in the th ree mode la se r  cavity.
Of these, the m ost serious is the modulation due to the interm ode beats.
i/
Using a balanced m ixer (Ref. 40, 62), the d iscrete  frequency noise components 
listed above can be reduced by m ore than 40 dB. However, the broad-band 
noise component only appeared to decrease by 6  dB, although the common 
mode rejection of the balanced m ixer was g rea te r than 40 dB. This shows 
that the residual broad-band noise at the output of the am plifier (Appendix 1, 
Fig. 64) is due to the local oscillator quantum noise and am plifier noise. 
However, the am plifier noise is only reduced by 14 dB when the la se r  illum i­
nation on the photodiodes igblanked off. Thus, for practical purposes, the 
broad band noise can be represented by the local oscillator quantum noise 
only, as in equation 2 .
and the local oscillator 
condition for signal to
2
- 107 -
The d iscrete modulation frequency components can be reduced to a level 
only 6  dB above the quantum noise lim it.
The local oscillator power required to achieve quantum noise lim ited 
condition is of the order of 150 pW per photomixer for an am plifier with 
a bandwidth of 1 MHz. Thus, for the two photodiodes com prising the 
balanced m ixer 300 pW are  required. For a l  mW lase r, this rep resen ts 
a 1.5 dB loss of available transm itted power. This is shown in Graph 4.
3 .1 . Noise F igure.
The system  noise figure is defined as the ra tio  of signal to noise ra tio
for a perfect system , as given by equation 2 , to that achieved in practice
for a given signal power P . A value of the noise figure may be found bys
considering the various losses in the system , viz:
i. Since two photomixers a re  used, the quantum noise level
is  increased by 3 dB.
ii. 1.5 dB of available transm itter power is lost due to local 
oscillator requirem ent.
iii. Transm ission loss (<*-) in optical components causes a 6  dB 
loss in the returned signal.
iv. 4 .2  dB sideband loss due to the production of unused sideband 
energy by the phase modulator.
v. If the contribution of the am plifier and la se r  noise is  considered, 
the noise figure (NF) is  degraded by le ss  than 0.25 dB.
Thus, the overall noise figure of the system  is seen to be 15 dB at all 
frequencies other than the discrete la se r  modulation frequencies listed 
above, or 21 dB at all frequencies.If an improved optical system  w ere used 
with a reflective target, than it should be possible to achieve a noise figure 
of 9 dB, given suitable choice of the phase modulator drive frequency which 
avoids d iscrete la se r modulation frequencies.
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3.2.  Tangential Sensitivity.
The tangential sensitivity of a system  is the signal power (P ^ g )  required 
to produce a 1 : 1 signal to noise ratio  in a given bandwidth. Thus, for a 
perfect optical heterodyne receiver, this is given by
P = llQL 3  )
TSS l? ................. ...................................
deduced from  equation 2 .). For the case of the instrum ent described in 
this thesis with a bandwidth of 100 KHz, a He-Ne lase r of wavelength 
6328 X and silicon photodiodes HP 4203 the tangential sensitivity Prpgg 
corresponds to - 103 dBm.
With the knowledge of the tangential sensitivity, the signal to noise ra tio  
of an ideal AM system  can be determined. However, the value of 
differs for different types of target surfaces, and will be evaluated for two 
kinds of surface, namely reflective and white bond paper.
For transm itted la se r power of 0 . 8  mW, the (S /N )^^  ratio  was calculated 
to be 102 dB. For the same la se r power, but with a target made of white 
bond paper, the (S /N )^^  ra tio  is reduced to 53 dB assum ing isotropic scat-^ 
tering  and a reflection loss of 6  dB. To obtain this value, the target 
distance from  the telescope R and the telescope object lens radius r  had 
to be known. Here, R was 1 m . and r  was 1 cm.
The value of ratio  can be improved or not when using an FM
detector. The improvement depends on the frequency deviation F and 
bandwidth B of the system . (S/N)^,^,. ra tio  is given by
/ S \  - q / P ' n ^ . S ,  a \
(N T M  B ( NTAM  '
and derivation of equation 4 .)  can be found in Ref. 63. From  equation 4 .)  
the frequency deviation can be calculated for a 1 : 1 FM signal to noise 
ra tio  and 100 KHz bandwidth, and F was found to be 128 Hz, which lim its
-3
\  the minimum velocity m easurem ent to 1 . 6  x 1 0  in . / s e c .
-  1 1 0  -
The lim iting value could be improved by connecting an audio output filte r
of 16 KHz bandwidth. Here the minimum m easurable velocity is  
-4
2.5 x 10 in ./s e c .
A further improvement can be achieved if a narrow  band filte r is  connected 
at the output at the required frequency. For example, take an 11 KHz 
filte r with a bandwidth of 300 Hz. The lim iting velocity is now calculated 
as 4 .7  x 10 in. /  s e c ., and this leads to an amplitude of 10 ^ c m .
This minimum value of amplitude has been calculated for white bond paper 
target with an ideal detector.
However, in practice, a metal target was used, sprayed with Scotchlite 
paint. In this case the (S /N )^^  was 33 dB down on the (S /N )^^  obtained 
for the totally reflective target and ideal detector. The noise figure (NF) 
was calculated in 3 .1 . to be 15 dB, but it is 12 dB if considering only the 
beam coming back to the system . Therefore, in this instance, the (S/N )^^. 
is  57 dB. For a vibration at 11 KHz having an output filte r of 300 Hz 
bandwidth, the lim iting velocity obtained is the same as for the white paper 
target and ideal detector, namely 4 .7  x 10 in. /  sec. This corresponds 
to an amplitude of 1 0  cm . as seen previously, which is  in reasonable 
agreem ent with the value obtained experimentally, as mentioned in Chapter I 
and further described in Chapter VII, part 2.
Graph 5 is plotted and represen ts the magnitude of target movement for
-4the lim iting velocity of 2 .5 x 1 0  in. /  s ec. for various values of frequency.
Further reference to (S/N)^m and (s / N)p M ra tio s  can be readily  obtained 
from  Refs. 64, 65, 6 6  and 67.
No deliberate attem pt was made to investigate the effect of environmental 
change on the perform ance and stability of the instrum ent. However, under 
normal laboratory conditions, the equipment operated satisfactorily  without 
adjustment over periods of several hours, with equipment tem peratures 
varying in the range 15°C. to 35°C.
- I l l  -
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4. Calibration of the Frequency D iscrim inator.
The e lectrical c ircu it of the frequency discrim inator has been described in 
Chapter V. The dynamic discrim inator response was measured and is 
represented in Graph 6 . This shows a straight line response over the 
centre portion of the system  bandwidth.
From  Graph 6  a conversion graph 7 can be drawn which determ ines the 
velocity of the target by m easuring the audio frequency voltage at the output 
of the discrim inator. F or the existing bandwidth of the system , the maximum 
velocity of the ta rge t m easurable is 0.625 in . / s e c . , although th is lim it can 
be overcome by increasing the bandwidth of the system . The lower velocity 
lim it is governed by the noise figure (NF), the tangential sensitivity of the
/ system  and the bandwidth of the output f ilte r . With an audio filte r of 16 KHz
/ “4/ bandwidth, the minimum velocity observable is  2.5 x 10 in . / s e c . ,  but as
/ it was seen previously, this lim it can be overcome narrowing the f ilte r
/ bandwidth. Hence, with a filte r at 11 KHz and 300 Hz bandwidth, the
lim iting velocity was 4 .7  x 10 in ./s e c .
Thus, the system  can successfully m easure sm all velocities and the velocity 
can be readily transform ed into an amplitude or an acceleration form  if 
necessary .
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5. Summary.
This chapter dealt with the improvement and calibration of the system .
The matching of phases in the two channels has been described, giving 
a phase difference of 6 ° .between the two channels over the 100 KHz 
bandwidth.
Then the noise figure (NF) was calculated to be either 15 dB at all 
frequencies other than the discrete la se r modulation frequencies, or 
21 dB at all frequencies. However, because the working frequency is 
450 KHz, the d iscrete  modulation frequencies a re  not present. Therefore, 
the NF of the system  is 15 dB. From  th is, and the knowledge of tangential
sensitivity, the lim iting velocity sensitivity was established, which is  either
- 4  - 62.5 x 10 in ./s e c .  or 4 .7  x 10 in ,/s e c .  depending on the bandwidth of
the output f ilte r .
Finally, the frequency discrim inator was calibrated, thereby enabling 
the velocity of the target to be m easured.
- 116 -
CHAPTER VII 
APPLICATIONS OF THE LASER VIBRATION SYSTEM
1. Introduction.
Here the potential and the various uses of the instrum ent will be considered. 
In the f irs t application m easurem ents were made both with the la se r  and 
also with an established alternative, namely an accelerom eter, to com pare 
the capability and accuracy of the two methods. Other applications will then 
be discussed to show the versatility , as well as other advantages, which this 
la se r in terferom eter has compared to m ore conventional methods.
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2. M easurement of Vibration of a Metal Bar and Compared
with M easurements using an A ccelerom eter (B and K)
Type 4332.
The perform ance of the la se r  vibration system  was evaluated by comparing 
resu lts  obtained using the la se r with those obtained using a calibrated 
accelerom eter. The target used in this instance was a m etal bar, 1" wide 
and 8  1 /4 ” long. The surface was sprayed with Scotchlite paint to enable 
vibration m easurem ents to be made down the bar without having to use a 
telescope a t the output of the la se r  head to focus the light beam on the target.
The distance of the target from  the la se r  was 120 cm. The calibrated 
accelerom eter was attached to the free  end of the clamped m etal b ar. The 
m etal bar is shown diagram atically in Fig., 59. This gave Graph 8 .
After initial calibration of the la se r  system , other experiments w ere ca rried  
out in order to investigate the behaviour of the bar at various resonant 
frequencies. The bar was scanned with the la se r  beam finding various nodes 
and antinodes along the surface length, while being excited with a sm all 
transducer attached to the bar on the clamped side. The nodes and antinodes 
w ere established under two conditions, namely with and without the (B and K) 
accelerom eter attached to the bar. Plate 5 shows the experimental a rran g em en t. 
The resu lts  of the bar velocities at different resonant frequencies a re  re p re ­
sented in Graphs 9, 10 and 11. The theoretical curves for a bar clamped at 
one end a re  superimposed upon the experim ental curves to show the com parison 
between theory and practice.
A further experiment was carried  out which determ ines the minimum velocity
sensitivity. Here, the telescope was placed in front of the la se r  system , and
the target was placed 1 m . away from  the telescope objective lens of radius 1 cm .
The metal bar was set vibrating at 11 KHz, which is  one of the num erous resonant
frequencies. The voltage drive was slowly reduced until the oscilloscope trace
showed a 1 : 1 (S/N) ra tio . From  the m easured voltage amplitude, the minimumrM
velocity sensitivity was established. It will be shown that the m easured velocity 
sensitivity is approximately the same as the calculated velocity sensitivity  in 
Chapter VI, section 3 .2 .
The above resu lts  a re  presented in the following pages.
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GRAPH 10 VELOCITY DISTRIBUTION ALONG THE BAR,
WHICH IS CLAMPED AT ONE END.
FIRST HARMONIC (f ,). DRIVE VOLTAGE 7 .5  VOLTS
0;03
;291r4"H2T
CLAMPED END
DISTANCE ALONG THE BAR (ins.)
K Practical Values Obtained with the L aser System.
o Practical Values Obtained with the Laser System having 
the A ccelerom eter Attached to the F ree  End of the Bar.
a  Theoretical Values Computed for the Bar under Observation.
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SECOND HARMONIC (f ). DRIVE VOLTAGE 20 VOLTS.
4r=rtrrr-|"=4:
QrQ
8.2
CLAMPED END FREE END
DISTANCE ALONG THE BAR (ins.)
O Theoretical Values Computed for the Bar under Observation.
x Practical Values Obtained with the Laser System.
°  Practical Values Obtained with the L aser System having 
the A ccelerom eter Attached to the F ree  End of the Bar.
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The following tables show the node and antinode distribution along the 
8 .25” bar at odd numbers of harm onics, starting  with the th ird  harmonic 
going up to the seventh. Results were obtained with the la se r system  and 
compared to the computed theoretical values for the bar under observation.
TABLE A. Third harmonic 
(f3  = 2.401 KHz).
Drive voltage 4 volts
Clamped end = 0 in.'
Position (in.) 
obtained with L
Theoretical 
position (in.)
A 8.25 8.25
N 7 .6 7.65
A 6.5 6.4
N 5.25 , 5.3
A 4.1 4 .2
N 2.9 2.95
A 1.9 1 . 8
N 0 0
TABLE B. Fifth harmonic
(f = 4 .767 KHz) 5
Drive voltage 2 volts
Clamped end = 0  in.
Position (in.) 
obtained with L
Theoretical 
position (in.)
N 0 0
A 1 . 1 1
N 1.75 1 . 8
A 2.55 2 . 6
N 3.25 3.35
A 4.1 4 .2
N 4 .8 4.85
A 5.55 5 .6
N 6.3 6.35
A 7.25 7 .2
N 7.75 7 .8
A 8.25 8.25
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TABLE C. Seventh harmonic
Drive voltage 12 volts
Clamped end = 0  in.
Positions ( in .) 
obtained with L
Theoretical 
position (in.)
N 0 0
A 0.7 0 . 8
N 1 . 2 1.39
A 1 . 8 2 . 0
N 2.375 2.45
A 3.0 3 .0
N 3.5 3.59
A 4.25 4 .2
N 4.5 4.65
A 5.25 5.2
N 5.75 5.78
A 6.25 6.4
N 6.87 6.85
A 7.5 7.4
N 7.8 7 .9
A 8.25 8.25
- 126 -
EXPERIMENTAL DETERMINATION OF 
THE MINIMUM VELOCITY SENSITIVITY
The vibrating bar was placed 1 m . away from the telescope objective lens 
which has a radius of 1 cm . The bar was driven at 11 KHz by means of 
a sm all transducer. The voltage drive was then reduced in steps until 
the oscilloscope showed a 1 : 1 (S /N )^ ^  ra tio  of the sinusoidal waveform. 
To enable m easurem ent of very sm all vibrations, it was necessary  that 
the output of the frequency discrim inator passed through a narrow  band­
width f ilte r . This was achieved by a filte r at 11 KHz and 300 Hz bandwidth.
-5The voltage pk-pk m easured was 5.5 x 10 volts.
This pk-pk voltage rep resen ts a velocity of 4 .7  x 10 ^ in ./s e c .  from  the
calibrated Graph 7, and corresponds to an amplitude displacement of
in " 1 0  1 0  cm .
This experiment was carried  out in order to verify the calculated minimum 
velocity sensitivity of Chapter VI, p a rt 3, and it was found that the velocity 
values obtained from  the theory and experim ent agree within experim ental 
e r ro r .
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Summary
These experim ents were ca rried  out comparing the la se r  system  with an 
established accelerom eter in order to calibrate the la se r  system  (Graph 8 ).
The accuracy of the accelerom eter (B and K) type 4332 is  quoted in the 
instruction book as 2% in the frequency range of 2-6000 Hz at room tem pera­
tu res  of 18 - 20° C. On the other hand, the accuracy of the la se r  system  
was determined by the accuracy of the instrum ent used for read out. This 
was a Marconi valve voltm eter type TF 1041 C, with a stated accuracy of 
+ 2% f. s .d . Within the lim its of these experim ental e rro rs , the resu lts  
obtained with the two methods agreed. Consequently, the expected system  
perform ance was realised . The graphs show the effect the accelerom eter 
has on the behaviour of the bar. The nodes and antinodes a re  displaced from  
their true  positions and also the maximum displacement is  changed. The Q 
and the resonant frequency of the bar were found to a lte r in value when 
damped by an accelerom eter.
Graphs 9,10,11 rep resen t, apart from  the experim ental curves, also  the 
calculated theoretical curves (Ref. 6 8  ).. It can be seen that the curves at 
the fundamental frequency a re  alm ost identical, while the curves fo r the f ir s t  and 
seeond harm onics show the departure of the practical curves from  the theoretical 
one calculated for an ideal bar clamped perfectly at one end. It is  suggested that 
this is  due to a ir  damping and is most perceptible at the free  end of the b ar. 
Tables A, B and C also show the agreem ent between theory and p rac tice .
Another advantage of the la se r  system  is  that the vibrating targe t can be 
scanned without g reat difficulty.
To obtain the same resu lts  with the accelerom eter, it is  necessary  to move 
it  stepwise. This method introduces e r ro r  each tim e the accelerom eter is 
moved, as it a lte rs  the modes of vibration.
- 1 2 8  -
The velocity sensitivity was also m easured, and it was found to be 
4 .7  x 10 in. /s e c . when the bar was vibrating at 11 KHz and the output 
f ilte r bandwidth was 300 Hz.
The system  is  valuable, s in ce  the standard of vibration m easurem ents
is re fe rred  to the wavelength of the He-Ne light which is  known and stable 
6to 1 p art in 1 0  , while all other factors involved can be either calculated 
or m easured electrically . Furtherm ore, it does not suffer from  the 
disadvantages of mechanical resonances and unknown damping effects 
such as incurred by transducers. Hence, this sytem could be adopted 
as a laboratory vibration m easuring standard to which the conventional 
transducer would be re fe rred .
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3. M easurement of the Behaviour of a C ircular D isc .
A study was made of the behaviour of a 7" diam eter disc, Fig. 60, which 
is driven by a transducer a t one of its  resonant frequencies, namely at 
1.249 KHz. Plate 6  shows a photograph of the experiment. A hologram 
(Plate 7 )  was obtained from  the National Physical Laboratory, which shows 
the qualitative behaviour of the disc modes and limited quantitative information. 
Here an attem pt was made to iind  a quantitative display of the d isc  movement.
It was found possible to obtain g reater definition than is available using the 
hologram technique, especially over the centre area of the disc where the 
displacement was less than A/2. Furtherm ore, it was possible to establish  
the presence of stationary points which a re  not revealed on the hologram.
The f irs t  few graphs rep resen t velocity and their phase relations when 
various cross-sections of the disc have been scanned with the la se r.
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GRAPH 16. POSITIONS OF MAXIMA, MINIMA AND STATIONARY POINTS ON
THE DISC CIRCUMFERENCE.
-  137 -
PLATE 7. HOLOGRAM OF THE VIBRATING 7" DIA. DISC, DRIVEN AT THE RESONANT 
FREQUENCY OF 1.249 KHz.
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Summary
For these experim ents the disc was sprayed with co-operative paint, namely 
Scotchlite, to simplify experimentation as the la se r  light could then be scanned 
over the surface without needing a telescope to focus the beam on the target.
The holograms were also obtained using Scotchlite.
The f irs t four graphs show the velocity variation across various disc sections, 
together with the phase variation. The la se r system  enables detection of the 
phase behaviour of every point on the diam eter with respect to the oscillator 
driving the transducer at the back of the disc.
Graph 16 displays the physical positions of the maximum and minimum velocities 
on the circum ference of the disc,and its  stationary points. It can be seen that 
the positions of the maxima and minima a re  equally displaced around the disc 
edge. Assuming the top antinode to be the f irs t  maximum and moving in a 
clockwise direction, Graph 17 was deduced. This rep resen ts the relative 
phases of the various portions of the disc, showing that each alternative section 
vibrates in approximately opposite phase. It can also be seen that the f irs t  
maximum point is slightly displaced from  the true  vertical drawn from  the 
centre of the disc. This is  due to the paint sprayed on the disc, which is  of 
uneven thickness. It can be established from  the graphs that the cen tre  portion 
of the disc moves in a piston fashion and the internal c irc le  in Graph 16 c o r re s ­
ponds to the countour of the shoulder to which the disc is fixed. The width of 
the shoulder can be seen on all the other graphs where the centre portion moves 
in a uniform way. ’
Stationary points rep resen t points of the disc where there is  a sudden change 
of phase from  the value at the centre of the disc to a different value a t the edge 
of the disc. These points could not be discerned from  the hologram, nor could' 
the displacement at the centre be determined, because it was sm aller than half 
a wavelength which is  beyond the resolution of the hologram.
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The resonant frequency at 1. 249 KHz was found to have a very high "Q”. 
This can be seen from  holograms taken slightly off resonance, but at the 
same drive level. A typical hologram taken off resonance ( 2 Hz ) is 
shown in Plate 7a. It was equally found that the resonant frequency a lte rs  
by a few Herzs depending on the tem perature variation.
- 141 -
PLATE 7a. HOLOGRAM TAKEN 2 Hz. OFF RESONANCE
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4. Searching for Unwanted Mechanical Resonant 
Frequencies of E lectrical Components 
Inside Microwave G enerators using the 
L aser System.
A problem of particu lar in terest to the author, and typical of industrial 
vibration problem s, is  that of vibrations of microwave sources. These 
a re  used in airborne rad a r system s.
Due to external vibrations, unwanted mechanical resonant frequencies can 
be introduced to the e lectrical components inside the microwave source.
The generators examined a re  normally used in sets of two. They consist 
of a varacto r m ultiplier chain which m ultiplies an initial stage frequency of 
90 MHz to 13 GHz. Since it is  a multiplicative process, it is  im perative to 
keep all the electrical components as stable as possible, as their movement 
could induce m ism atch and phase shift in the following circu its  and, therefore, 
introduce unwanted noise signals at the output. Fig. 61. shows diagram aticaily 
the ro le  of each compartment of the device.
M easurements were carried  out observing one generator at a tim e. The 
f irs t  one was partly  uncovered leaving the microwave p art intact. The source 
was oscillating in its norm al working mode. The la se r  beam was made to 
scan the electrical components one at a tim e, and the frequency was swept 
over the range of 300 Hz - 2 KHz, and even higher. The frequency range of 
g reatest in terest is between 1 KHz and 2 KHz, as those frequencies introduce 
sm all component displacements which a re  not readily  recognisable with any 
other known method, but a re  very distinct with the la se r  method.
The acceleration of the driving accelerom eter was se t to 3g, which rep resen ts  
velocities in the span of 0.097 - 0.19 in ./s e c .  peak in the frequency region of 
1 - 2  KHz. These velocities a re  easily observable with the la se r . However, 
a t resonances, the amplitude of displacement of the components did override 
the la se r system  bandwidth, but damping the component brought the m easu re­
ments back into the working bandwidth.
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The following resu lts  were obtained when scanning components re fe rred  
to in Fig. 61, and tabulated in Tables 1 and 2.
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TABLE 1.
The microwave p art of the generator was covered while scanning 
the electrical components of the oscillator and am plifier.
ACCELERATION 3g. SIDE A.
E lectrical
Components A B C D E E 1 F G H I J
Resonant
Frequency 649 643 660 651 643 643 660 512 648 570 571
Hz 921 919 919 918 918 919 916 1 2 0 0 918 918 816
1326 1060 1 1 2 0 1364 1346 1352 1 2 0 0 1321 1178 1087 918
1551 1373 1369 1596 1520 1528 1354 1579 1358 1381 1088
1792 1605 1607 2116 1623 1599 1596 1764 1580 1621 1378
1964
2104
2109 2117 2129 2108 1621
ACCELERATION 3g. SIDE B.
E lectrical
Components Ai Bi c i Di E 1 • ! F G H I J
Resonant
Frequency 629 628 629 636 638 639 650 627 642 638 642
Hz 920 909 924 924 909 919 928 912 918
1087 1081 1057 1069 1044 1083 1093 1094 1125 1105 1 1 1 0
1223 1375 1317 1326 1301 1292 1350 1316 1380 1365 1381
1350 1550 1512 1544 1383 1529 1536 1583 1551 1555
1859 1728 1833 1807 1501 1561 .1788 1777 1799 1757 1785
2017 2037 2075 2052 1660
1808 2005
2037 2036 2271 2065 2027
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TABLE 2.
The microwave p art of the generator was uncovered 
for scanning the microwave coaxial resonators.
ACCELERATION 3g.
SIDE A. ' SIDEB.
Coaxial
Resonators I II III IV
i—I 
1—I 
HH m
I V 1
Resonant
Frequency 262 241 265 249 277 632 671 679
Hz 607 577 655 690 927 921 927 928
921 919 920 920 1032 1 0 6 1 1089 1124
1172 1179 1164 1181 1251 1280 1300 1301
1309 1310 1307 1302 1522 1537 1488 1371
1369 1370 1372 1367 1699 1702 1664 1663
1659 1655 1672 1671 1816 1849 1856 1855
1857 1858 1858 1860 2241 2 2 2 2 2280 2274
2232 2216 2161 2 2 1 1
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Summary
Results at frequencies above 2 KHz have been omitted, as they a re  outside 
the required specification for the source. Experiments w ere ca rried  out 
on a source with m ost components free  to move. It was found that the output 
of the microwave source was noisy, in particu lar around frequencies of 1.5 KHz 
and 2 KHz. All the components in Tables 1 and 2 exhibit resonances at those 
frequencies. It has subsequently been proven that damping them greatly  reduced 
the noise level at the output.
The resonant frequencies were found to be identical for the components and 
for the structure containing them. Besides these, some frequencies were 
p resent which belonged only to the component under observation. Once the 
self-resonance of the components is  determined, the output of the generators 
can be improved.
The la se r  method also enabled the "Q" factor of the microwave coaxial resonators 
to be determined. One of the resonant frequencies was chosen, namely 2. 656 KHz, 
and the "Q" of resonator no. Ill was found to be 140, and that of no. IV was 102,
In these experim ents, only the resonant frequencies were determ ined, but the 
system  could equally well determ ine the velocities of the component vibrations 
if required.
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The m easurem ent of vibration of chimneys is yet another possible application 
of the system . A field test has been carried  out at Fawley on an experi­
mental chimney, belonging to the Central E lectricity  Generating Board, 
which is fitted with a vibrating unit to introduce vibrations to the s tructu re  
at various frequencies. Fig. 62 represen ts the practical set-up.
It was found that displacements of 0.001 inches at 5 Hz could be observed during 
the experim ental exercise . As the la se r  tripod was set on firm  ground, the 
noise that is  norm ally present in laboratory surroundings due to random  v ib ra­
tions was totally eliminated. The signal output was a pure sinusoidal waveform, 
as  the chimney v ibra tors a re  actuated in a sinusoidal fashion. The resu lts  
w ere obtained afte r having painted a spot on the chimney with Scotchlite and 
the la se r beam was directed towards the m easuring spot without using a te le s ­
cope.
F or th is technique to become a p ractical proposition, the distance of 30 ft. at 
which the prelim inary experim ents have been carried  out should be extended 
to a t leas t 450 ft, and preferably to an even longer range such as 1 , 000 ft.
This could be achieved, firstly , by using a telescope at the output of the la se r  
head and, secondly, by preparing the chimney surface with a co-operative 
substance, such as Scotchlite. These improvements should enable m easu re­
ments of the required distance to be accomplished.
When working over longer ranges, i. e . , distances comparable to the wavelength 
of the modulating frequency of 450 KHz, the modulator m irro r  m ust be placed 
in the reference path. In the previous experim ents the modulator could have 
been placed either in the reference path or in the transm ission  path without 
affecting the accuracy of the output resu lt. At 450 KHz, the wavelength is  of 
the order of 600 ft. Thus, when longer ranges a re  considered, the effective 
modulation index becomes a function of the la se r  target distance. F o r example, 
consider the modulated outgoing beam to have an a rb itra ry  phase of 0 rad . If 
the path the beam travels to the target and back is such that the phase of the
- 148 -
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return ing  beam becomes ( 0  + it)  r a d . , then the two beams a re  in anti-phase. 
Thereby, the modulation effect is cancelled, and from  a heterodyne a 
homodyne system  is  again formed which rem oves all directional information.
F or the analysis of the behaviour of a chimney structure, it  is of great 
in terest to be able to m easure amplitudes of a few feet at very  low frequencies 
such as 1/2 Hz. The instrum ent could equally be employed to m easure 
vibrations of cooling towers, and this type of m easurem ent may be undertaken 
in the future.
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6 . Use of the System to Detect Filam ent Vibration 
in an E lectric Lamp - Plate 8 .
This is a simple experiment in which the cu rren t flow into a bulb filam ent 
is  varied. The behaviour of the filament can be readily observed on the 
oscilloscope. The oscilloscope shows the state of the filam ent a t one 
instant of tim e. The experiment is only mentioned in order to illu stra te  
the ability to reach otherwise inaccessible points.
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7. The L aser System used for Listening to a Radio Programme.
The system  has been used successfully to reproduce radio program m es 
with the la se r beam aiming at a loudspeaker cone. The volume was set 
at its  lowest position, so that the loudspeaker was inaudible. The move­
ment of the cone was m easured and fed to a pair of earphones, with 
satisfactory reproduction of the original sound.
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CHAPTER VIII
CONCLUSION
This thesis has given a description of a la se r  system  capable of 
m easuring mechanical vibrations of objects, together with an analysis 
of its  principles and perform ance. The existing methods for invesitgating 
object vibrations are  either contact methods, which a re  often not very  
suitable for industrial purposes, or stroboscopic methods, which have 
disadvantages in that they a re  only able to m easure relatively  large 
displacements and that they a re  lim ited to low frequency vibrations.
There has been a brief consideration of other la se r  activities regarding 
vibration m easurem ent. The method that has been adopted here  was 
developed from  a basic velocim eter which was capable of giving velocity 
information without the direction of the object travel. The theory proposed 
in the thesis has been satisfactorily  substantiated by the m easurem ents 
obtained with the system .
The velocity m easuring system  has been achieved by splitting the la se r  
beam to produce a Michelson in terferom eter. The two beam s a re  reflected 
from  the reference m irro r and from  the target under observation resp ec­
tively, form ing in terference fringes from  which the velocity can be deduced.
It was seen that in conventional homodyne system s the direction of the/
ta rge t movement was lost in the detection c ircu itry  as the photodetector 
could not distinguish between the positive and negative frequency difference. 
This difficulty has been overcome by phase modulating the reference beam.
Introducing modulation in the reference beam provides an interm ediate 
frequency which enables the frequency difference to have both magnitude 
and direction information. The phase modulation was introduced using a 
piezo-electric  m aterial with an integral m irro r . The m ateria l chosen 
was Barium-Titanate ceram ic with a resonance frequency of 450 KHz.
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The bandwidth was lim ited to + 50 KHz, which allows velocities up to 
0.625 in ./s e c .  peak to be determ ined. To extend the velocity range to 
a higher lim it, a piezo-electric  m ateria l of higher resonant frequency 
would have to be chosen, s u c h  a s  a q u a r t z  c r y s t a l  w h i c h  
has resonant frequencies in the order of 5 MHz and higher. The problem  
here is  that the crysta l might not move a sufficient amount to produce 
f ir s t  and second harm onics of equal magnitude in the modulated reference 
beam. Graph 18 shows the dependence of the target acceleration, hence 
velocity, on the bandwidth of the system . Thus, increasing the bandwidth
would enable a wider velocity range to be covered. The minimum velocity
- 4  - 6sensitivity was established to be either 2.5 x 10 in ./s e c .  or 4 .7  x 10
in . / s e c . , depending on the output filte r bandwidth.
There a re  other specifications to the system  which must be met for 
successful operation. For instance, it is necessary  for the reference 
m irro r  modulation frequency to be at least 1 0  tim es la rg er than the maximum 
vibration frequency of the target required.
The other very  im portant requirem ent for the system  to give sa tisfactory  
resu lts  is  to keep the phase shift in the two channels the sam e. At p resen t 
the system  contains manual controls for tracking phases and am plitudes in 
the two channels. These controls could be made automatic if required .
These problems of phase and amplitude variation in the two channels w ere 
amongst the m ost serious, besides the problem  of the lim ited bandwidth.
Various experim ents have been carried  out which point out the diversity  
of application of the instrum ent.
F irstly , the lase r system  was compared to a conventional method for 
m easuring vibrations of metal bars, namely a calibrated accelerom eter 
(B and K). The resu lts  obtained with the two methods were com parable, 
but it was seen that the accelerom eter damped the vibrations and also  
displaced the nodal positions along the bar under investigation.
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In the second application, the system  was compared to a holographic 
method for investigating vibrations in a c ircu la r disc actuated by a 
p iezo -e lec tric  m ateria l (Ba-Ti ce ram ic ). The holographic method 
has advantages when the disc is  viewed as a whole entity, but for sm all 
displacements the Doppler system  is preferable. It can also  discern 
stationary points, which a re  otherwise obscure.
The rem aining experiments a re  representations of the unique ability of a 
la se r  probe to investigate a reas of difficult access.
For instance, electrical components of microwave generators have been 
scanned with the la se r beam, and it has been possible to get some indication 
of the component vibrations which affect the generator output.
An attem pt has also been made to investigate the vibrations of four flue 
chimneys, and could eventually be extended to cooling tower studies. The 
resu lts  have been satisfactory and further developments a re  to be made to 
enable m easurem ents over ranges of 450ft. to 1, 000 ft. to be taken.
A number of industries a re  interested in mechanical vibrations and in the ir 
analysis, mainly in the audio frequency range. The instrum ent described 
here  could, without any doubt, be used by many of them. However, the 
system  as it  stands could not m easure vibrations which a re  superim posed 
on high speed continuously moving objects.
In conclusion, the three y e a r 's  work described in this thesis  has resu lted  
in an engineered, working instrum ent of high accuracy capable of perform ing 
many m easurem ents of industrial im portance which have not heretofore been 
possible. It employs a highly novel technique to overcome the problem s of 
direction determ ination. Although it would be expensive, it  has com m ercial 
potential.
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APPENDIX 1.
Decca L aser Doppler System
The velocim eter developed by Decea uses a low power la se r operating at the 
o
wavelength of 6328 A. A detailed configuration of the optical p art of the system  
is shown in Fig. 63.
The la se r  gives out a plane polarised beam in the usual way by v irtue of the 
Brewster angle windows.
The reference and signal beams are  separated at the polarising beam sp litte r A 
which transm its  one plane of polarisation and reflec ts  the orthogonal one. The 
relative magnitudes can be adjusted by rotating the plane of polarisation of the 
incident beam, and this is done by using a half-wave plate. 30% of the light 
is used as reference and 70% is transm itted as has been mentioned in Chapter VI, 
p art 3.
The reference m irro r has a quarter-w ave plate incorporated in front of it.
The function of this plate is to convert the wave into a circu larly  polarised one 
which on reflection again passes through the plate, thus em erging plane polarised, 
but orthogonal to the incident wave.
The vertically  polarised beam is transm itted. The process is  s im ilar to the above. 
The beam is passed through a quarter-w ave plate and telescope lens to the ta rg e t. 
After being scattered from  the target and traversing  the quarter-w ave plate for a 
second time, the returning beam is reflected  at the p rism  A towards a balance 
control half-wave plate. The optical axis of this plate is  placed such that the two 
beam a re  each split into two equal components at right angles. Consequently, these 
fall on a second beam sp litter B, identical to A. The vertica l component is  passed 
through B, while the horizontal component is  reflected at B.
Two silicon photodetectors intercept the two beams from  the beam sp litte r B. The 
difference of the photodetector outputs is  fed into an am plifier (Fig. 64), which 
gives the frequency difference between the reference beam and transm itted  beam
due to target movement.
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The am plifier is  followed by a tracking unit and a display m eter, which analyses 
the signal and displays it in a convenient fashion.
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APPENDIX 2.
Calculation of light intensity at the photodetector.
Consider Fig. 65. Let and A^ be the amplitudes of the in terfering light 
beams of the Michelson in terferom eter and &1 be the instantaneous disp la­
cement of the reference m irro r  from  its  mean position. £>1 is a function 
of tim e.
Assuming a single mode la se r output,
- i ( u o t - p ( l + M )  - i (coL)
■ A ^ S l . C E j e  ° ) = S l » ( S 1 e )•
- i (u> t - p ( T + n \  + 2x))  i ( t h t )
A2 = ^ ( E 2 e C ) =
where & = E e * P  ^ + ^  ) ancj £  = E e * ^ ^  + \  lu  is  the
1 1  2  2  c
angular frequency of the optical c a r r ie r  and 1 is  the path length abcbe of the 
reference beam from an a rb itra ry  reference plane a. The signal on the 
other hand travels a path (1 + nX + 2x ), shown in Fig. 65 as the path abdbe, 
‘where n is  an integer and x the path length due to target motion.
The photodetector responds to the light intensity, that is , the square of the 
real part of the sum of the complex field intensities of the two light beam s. 
The intensity is then represented by
1= < A 1 >2 + < A2  > 2  + 2  < AxA2  > 
as shown in ref. 14.
The necessary  information is obtained from  the in terference te rm  = 2< A ^A ^> .  
Now,
- i(io t) i(uo t) - i(<Jo t)  * i i^o t)
Al V ? (V  C+V  ). (S2 e c + t 2e C ).
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- 2 i (oo t) 2 i ( to t)
V 2 = l A V  C + ^ e  C+ t X K * 2 >.
The f irs t  two te rm s of the RHS of the above equation tend to zero if the 
averaging tim e is  taken to be very much g rea ter than its  period tim e T.
Therefore,
2 < AfA2 > = 2  ( ^ i ^ 2  + ^ 1 ^ 2  *
Hence,
1 i p ( l + M )  - i p ( l  + nX + 2 x )
112=2 (El e 2 6 +
E E  e ' i P^1 +A1 > e *P( 1 + n:v + 2x ) y 
1 2
I1 2 = \  cos p ( M  “ 2 x ).
The alternating curren t i at the output of the photodetector is directly  
proportional to the interference term  I . Thus,
i = C ( cos ( p  A l ) cos ( 2p  x ) + sin ( p A 1 ) sin 2 p x  )).
where C is ~  E^E^Q and Q is the constant of proportionality.
In the present work Al was taken to move in a sinusoidal fashion such 
that,
Al = (A1 ) sin (ud t).max. v m 7
Hence,
i =  C ( cos fi (A l ) sin ( o d  t ) cos ( 2 B x  )  + sin r 3 (  Al ) sin (  Oj  t) 
‘ m a x .  m  '  r  '  I ' m a x .  m
sin ( 2  p x  ) ).
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It is  m ore convenient to w rite m = ( M  ) , where m is  known as' max.
the modulation index.
i = C cos (m) sin ( vo-t) cos ( 2 fix ) + sin (m) sin (u> t) sin ( 2  o x  ) |_ m 1 m V . .  1. )
This expression represen ts a frequency modulated signal having a modulation 
index m. As usual the expression can be expanded in te rm s of Bessel functions, 
thus,
cos (m) sin( u> t ) = JQ ( m ) + 2  J2  ( m ) cos 2  + 2  J4  ( m ) cos 4 +.
sin ; (mj sin (w  t ) = 2 Ji ( m ) sin w  t + 2  Jo ( m ) sin 2  u;'~ t  4".........m m o m
Equation 1.) can then be rew ritten to give,
i = C £ cos(2 px ) 
+ sin^2(3x^
J_ ( m ) + 2 J ( m ) cos 2 t o  t + 2 J , ( m ) cos 4 to t  -h rJ0 2 m 4 v m
2 J ( m ) sin to  t + 2 J ( m ) sin 3 to  t  + . .  .1].1 m 3 m JJ
The value of m can be varied easily by adjusting the amplitude of vibration of the 
reference m irro r, m is chosen to equalise the amplitudes of the f irs t  and 
second sidebands. The condition for J ( m ) = J ( m ) is  to make the value
JL
m = 2. 63. Let J1 ( m ) = J2  ( m ) = J ( m ).
In the instrum ent the f irs t and second sidebands a re  filtered out and give 
separate current values i^ and i^, such as
i = 2 C J ( m ) sin ( 2 p x ) sin ( (jo t  ),J- * m
i = 2 C J ( m ) cos ( 2 Bx ) cos (2 u> t ). z i m
i is  heterodyned against a waveform of angular frequency 3 uo to give
JL 1X1
ii=  2 C J ( m ) cos ( 2 p x  ) cos ( u> t ). * ■ ‘ m
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The two curren ts i x and a re  then added to give r ,
i = i. + i ' = .2 G J ( m )[c6 s ( uo t - 2 i3x ) |  t  1 2  t  m J
i = K cos ( t o  t -  2 p x )  where K = 2 C J ( m ). 
t  m  1
It is now only necessary  to deduce x in one of two ways which have been 
discussed in Chapter IV. p art 6 .
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APPENDIX 3.
Effect of a Three Mode L aser.
Consider Fig. 6 6 . Assume a la se r  generating 3 modes, at the photodetector 
the fields due to the reference A and signal A beams are
1 Z
-i (to. - 2 ttt ) t - i (to - 2 nr ) t - i (to  - 2 nr ) t
E l e ° 1 +  E2 e 0  2  + Eg e 0  3  )
-ito t - i to t - i to t
= 5V ( &  ^ e + e ° + ^ 3  6  °  )•
-i 2 m: t - i 2 nr t -i 2 m: t
where, 'L ' l  = E ][ e , % ^  = E2  e , % ^ = E3  e
" t o  + 2 nr °
-i ( (to - 2 nr ) t H 2    ( x + v t ) )
A2 = 3 l (  E e 0 1 +
10 + 2 irr
-i ( ( to - 2ttt0 ) t + •—   ( x + vt ) )
. m o  2  c+ E e +
to + 2 nr
-i ( ( u  - 2 n r ) t  + —  ( x + vt ) )
, o d e  .+ E3 e )
-i  to t -i to t -i  to t
= 5L(t ; e ° + « : e  0 + t ' e  0 ).
1 2  d
to  +  2 u r  to  +  2 ttt
i ( 2 m : ---- ---------- ( x  + v t ) )  i ( 2 m: - — ------------( x + v t ) )
where, ^  e C , = E 2  e °
t o  +  2 t it  
i ( 2 n r 0   ----------- ( x  + v t ) )
E 1 = E e 3 c3 3 *
The symbols in A^ and A^ represen t:
to = 2 nf : fQ being the axial mode centre frequency.
r^ , r^ , r^  : a re  the frequency differences of the f irs t, second
and third mode compared to f .
x : is twice the la se r- ta rg e t distance.
v : is the target velocity.
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E^, E^, E^ : a re  the amplitudes of the three modes, which vary 
in a Gaussian fashion.
All the necessary  information is obtained from  the interference term  
.1^ 2  = 2 < > as mentioned in Appendix 2. Substituting fo r A^ and
A^ in I^2 > the following is obtained,
. ' - 2 i u> t - 2 i Q t  ~2 i to t
“ + V 3 *
- 2 i to  t - 2 ito  t - 2 i to t
0 + V ; « -  ° + s 2 V  ° +
? ; ' + e 3  « ;* ♦  e 3  ? 3*+ l [ t • +
. „ 3, 2 i oD t ' . 2 i to t 2 i ^  t
+ ° + ? ^ , * e °  + ' e ^ ; +
2 iuo t 2 iuo t 2 ic_o t
+  i?2 t 2 + 'e 2 e 3 +  'e 2 t i <le °  +  ^  2 ^  2^ 6 °  +  ? 2 * 3 ' e  °  +
„ 2 itx> t 2 iCjo t
+ V l r t 3 W 3  + V l e 3 2 +
2 i to  t 
+ ? 3 S f e °  >•
- 2 i U3t 2 i 0 ) t
However all the term s in e and e vanish if the averaging time is
taken over an interval large compared with the period T. T erm s arising  from  
products of different mode lines may be disregarded due to photodetector 
bandwidth lim itation.
Hence the above expression sim plifies to give after substituting fo r all th e m 's ,
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* 1 2  2
t o  + 2 7 T T .  t o  +•  2 t t t ,
• /  0  J-v/ . \ • / 0  1 . .9  l ( —  ---------- ) ( x  +  v t )  - 1  ( ------- ~--------- ) ( x  +  v t )
/  C CE^ ( e + e
to +  2nr to +  2ttt_
" /  O /  \  • /  O  "  \  /  \x (  -  y (  x  +  v t  )  - 1  ( ------ — ---------- ) ( x  +  v t )
+  ( e  -!• e  c
t o  „  +  2 t t t  g v  +  2 T t r
• /  O  ^  V /  \  , y O  O  X /  V
1 (   ) ( x + v t  ) -i  (------ ----------) ( x  + v t ). . c
3 6
to + 2nr^
Now vt is small so that -— — -— - ( vt -— •
+ e 
t o  +  2 ttt to  +  2 ttt 
-  ( vt ) Q i —    ( vt ) = 6
The above expression becomes,
*12
/ U o . ^ / t .2 2lTri '2 2Trr2 ^2 2TTr3 ,cos (  x + o ) ( E. co s  x + E^ cos x + En c o s   x )c 1 c 2 c 3 c
to 2 nr. 2 nr,
- sin
2 n r
• / -  , f w  n 2  . “ " * 1  . „2 . 2  ; ^2 . ""*3 ,m ( x + o ) ( E . sin  x + E _ sin  x + E _ sin ——  x )c 1 c 2  c 3  c
to
I = cos ( x 4* 6  ) B. - sin (   x + 6  ) Bn
1 2  ‘ c 1 c 2
to
I = B sin ( — ~ x + 6  + 0 )
1 Z 0
where , „ „ 2  2 B -1! B  ^+ B^ and 0  = tan - i  ^B„
The values of B^, B  ^and B ;have been computed and the following graphs v/ere 
obtained ( Graphs 19, 20 and 21 ) for various mode positions under the 
Gaussian curve. Changes in the cavity length produce a mode drifts  and 
six  such instants of tim e a re  represented in Figs. 67, 68  and 69 which 
correspond to the Graphs 19, 20 and 21 respectively.
Conclusions obtained from the Curves :
Maxima and minima occur at intervals of 15 cm. Their relative position 
is independent of the mode position under the Gaussian curve. Therefore, 
for best signal the target must be placed at a maximum, where the three 
\  modes add constructively.
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The largest magnitude deviation when considering only three modes
is when the f irs t  mode is displaced by 800 MHz from the centre axial
14mode frequency ( 4.7 x 10 Hz ) and the deviation is about 10 %.
Hence, power variation with the variation in mode position under 
the Gaussian curve can be disregarded.
F or a m ore general analysis of effects on the optical path length difference 
in photomixing with multimode gas la se r  radiations is given in ref. .69.
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